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SUMMARY 
Thorium is currently produced primarily as an impure by-product of the 
mining and processing of the rare earth phosphate mineral monazite. 
Thorium concentrates are currently purified industrially by solvent 
extraction with PC-88a, but this extractant cannot separate uranium and 
iron from thorium. In this work mixtures of PC-88a and HDEHP were 
investigated for the mutual separation of uranium, thorium and iron. The 
extracted complexes were identified. U and Fe were extracted by cation 
exchange, while Th was extracted by a mixed cation exchange/solvation 
mechanism. It was found that three contact stages could extract > 99% of 
the thorium. A flowsheet was proposed. 
The first modern use of thorium as a nuclear fuel is most likely to be as an 
oxide fuel within Generation III+ nuclear reactors. In this work a uranium-
plutonium mixed oxide was investigated as a fissile driver for thorium in the 
Enhanced CANDU 6 reactor, as an alternative to the proposed UK CANMOX 
fuel for irradiation of the UK plutonium inventory. A large number of fuel 
concepts were considered, and several were analysed by Monte Carlo 
simulation. It was found that U-Pu-Th fuels could offer transmutation of the 
plutonium, irradiate UK reprocessed uranium and give improved coolant 
void reactivities, while irradiating thorium and converting it to fissile 233U.  
Thorium and uranium may be recovered from spent nuclear fuel by the Acid 
THOREX process, which uses TBP solvent extraction. However, TBP has a 
number of disadvantages. In this work several alternative solvent extraction 
systems were investigated for the separation of Th, U, Fe and Zr. PC-88a was 
mixed with ten other extractants as potential synergists, extracting from 
hydrochloric, nitric and sulfuric acids. Several promising systems were 
identified based on distribution ratios and separation factors.  
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CHAPTER 1 INTRODUCTION 
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1 INTRODUCTION 
This academic thesis presents work carried out into the preparation of 
nuclear-grade thorium for nuclear fuel production, specifically the use of 
HDEHP as a synergist for PC-88a for the separation of thorium from 
uranium and iron in nuclear fuel preparation. In addition, a novel use of 
thorium in heavy water-moderated nuclear power reactors is presented for 
plutonium irradiation, using fertile thorium oxide driven by a fissile mixture 
of reprocessed uranium and plutonium. A study is also reported into the 
separation of Th, U, Zr and Fe in thorium spent fuel, comparing ten potential 
synergists for PC-88a from three mineral acids as the aqueous phase. 
1.1 AIMS 
This work described in this thesis covers three principal aims: 
1) Determine the extracted complexes and number of contact stages 
required to extract 99% of the dissolved thorium within an acidic 
monazite leachate using mixtures of PC-88a and HDEHP. 
2) Determine the evolution of 𝑘𝑖𝑛𝑓 with burnup for mixed U-Pu-Th oxide 
nuclear fuels as an alternative to the proposed UK CANMOX fuel of U-
Pu MOX with dysprosium absorber in the Enhanced CANDU 6 reactor. 
Also to determine the isotopic composition of the fuel actinides upon 
discharge from the core and the effect of coolant voiding on reactivity 
with this fuel.  
3) Identify potential synergists for PC-88a for the separation of uranium, 
thorium, zirconium and iron for spent thorium nuclear fuel 
reprocessing by determining the distribution ratios and separation 
factors against thorium and uranium for these metals. 
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1.2 THE STRUCTURE OF THIS THESIS  
This thesis is presented in seven chapters. 
In this first chapter, a general introduction is given, presenting a justification 
for thorium-based nuclear energy and introducing the areas for potential 
improvement in the thorium nuclear fuel cycle which are herein addressed.  
In Chapter 2 is presented relevant background theory required for a fuller 
understanding of the literature review and the novel work reported. A 
review of the state-of-the-art in the areas of work is also presented. 
Scientific literature relevant to the aims given above is considered, and gaps 
are identified for further study, leading to the aims of the thesis above.  
In Chapter 3, a liquid-liquid distribution system using PC-88a and HDEHP 
for the separation of thorium, uranium and iron is developed in detail for 
thorium minerals processing, with the extracted complexes identified and 
the number of contact stages for 99% thorium extraction determined.  
In Chapter 4, an application for thorium is investigated as a component of 
pressurised heavy water reactor fuel. The neutronic feasibility of the fuel is 
assessed in a homogeneous, infinite reactor core at the beginning of its life. 
In Chapter 5, a computational simulation is presented to validate and 
develop the work presented in Chapter 4, extending the homogeneous core 
to an infinite two-dimensional lattice of fuel channels and including burnup 
behaviour, isotopic composition evolution and coolant void reactivity. 
In Chapter 6, a screening study is presented into ten potential liquid-liquid 
distribution extractants in combination with PC-88a and three minerals 
acids as aqueous media in order to separate uranium, thorium, iron and 
zirconium in spent thorium nuclear fuel.  
Finally, Chapter 7 concludes the thesis and reviews and summarises the 
work carried out and the suggested next steps for further development. 
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1.3 GLOBAL CONTEXT – THE NEED FOR NUCLEAR ENERGY 
Predictions of increasing world population and economic growth are a 
warning signal for increased global energy consumption, particularly in the 
rapidly developing nations of India and China [1, 2]. Secure and independent 
access to energy and supplies of other natural resources is becoming 
increasingly important globally [3-7]. 
Energy supplies in the modern world have to meet several criteria to be 
effective and acceptable. Energy systems must offer reliable supply, be 
environmentally sustainable, be acceptable to the public and policy makers, 
and be within the scope of appropriate legal and regulatory frameworks. 
Systems should also offer independence from outside influences, for 
example impacts from primary fuel price rises or supply shortages, or attack 
by hostile actors. The system must also be economically competitive [8, 9]. 
Today the world is shifting towards a very different mixture of electrical 
supply technologies than has been used historically, with fossil fuelled 
power plants being increasingly pushed aside in favour of low carbon 
technologies as a response to global climate change, as evidenced most 
recently by the Paris Agreement [10, 11]. In the UK, for example, it is 
anticipated that within 15 years all coal-fired power stations will be closed, 
with a transition to low carbon nuclear and renewable energy sources [12].  
If globally increasing energy demand is to be met in a way that respects the 
requirements outlined above, nuclear power must form a part of the global 
energy mix [8, 13]. Nuclear power is the only reliable, technologically 
mature and low carbon energy source which is neither dependant on 
external factors beyond human control such as the weather, nor extremely 
limited by geographical requirements such as the need for fast flowing 
water supplies. Nuclear power is predicted to become an increasingly 
important for all world-regions, over a range of timescales depending on the 
region in question [14].  
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1.4 THE MODERN NUCLEAR POWER INDUSTRY 
In order to discuss nuclear reactor technology in this thesis, it is necessary 
to begin with a general overview of nuclear power reactors and their 
operating principles. This topic is discussed at length in the scientific and 
popular science literature, and the reader may consult numerous sources for 
further information [15-20]. A summary overview of the relevant topics 
required for an understanding of this thesis is given in Section 2.1. 
Of the various reactor types in the world, the most common is the Light 
Water Reactor (LWR), accounting for 85% of operating reactors in 2014 
[21], which combines the Pressurised Water Reactor (PWR) and Boiling 
Water Reactor (BWR) categories. The other common type is the Pressurised 
Heavy Water Reactor (PHWR), making up 11% of operating reactors. 
Following the Fukushima Daiichi nuclear accident in 2011 public confidence 
in nuclear power was severely reduced across the world, causing a number 
of countries to re-evaluate their own nuclear programmes [22]. However, 
many other countries are now planning an expansion or renewal of their 
nuclear power programmes [23]. A recent indicator of returning public 
confidence was the November 2016 referendum in Switzerland regarding 
early closure of nuclear plants. The early closure proposal was rejected and 
plants will continue to operate to their planned end of life (EOL) dates [24]. 
1.4.1 URANIUM-BASED NUCLEAR FUEL – SUPPLY AND DEMAND 
Approximately 95% of operable civil power reactors are fuelled with mined 
“primary” uranium, and the remainder are fuelled from “secondary” 
uranium resources, principally reclaimed or repurposed materials from 
existing inventories and/or weapons programmes, or reprocessed materials 
from uranium-fuelled reactors [25]. Plutonium separated from used nuclear 
fuel is often mixed with recycled uranium or depleted uranium tails from 
enrichment processing in these secondary uranium fuelled reactors [26].  
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Primary uranium resources are assured for the next 20 years, even under 
high demand scenarios driven by aggressive expansion of nuclear power 
[25]. Given that the planned operating lifetimes of modern plants is 40-60 
years, and that now it is common to carry out Plant Lifetime Extension 
(PLEx) operations on existing stations [27], it may be difficult to supply 
sufficient fuel for plants built today in the latter part of their lives based on 
current uranium estimates.  
1.4.2 REDUCING FUEL RESOURCE UTILISATION 
In the current generation of LWRs and PHWRs, improvements in uranium 
resource utilisation have been limited by three main factors. The first is that 
the conversion ratio (the fraction of the fuel fissioned which was produced 
within the reactor through neutron capture on fertile materials) has not 
been considered as an important design criterion, and is of the order of 0.5-
0.6 for LWRs and 0.8 for PHWRs [15, 20].  
The second reason is that the production of enriched uranium oxide UO2 
reactor fuel requires a very large amount of mined uranium per fuel element 
in the core. Approximately 8-9 t of natural uranium are required per tonne 
of 4.5% enriched uranium product in a modern LWR [15], and 100-1000 
times this mass of uranium ore may need to be extracted to produce this 
[28].  
Thirdly, when the fuel is removed from the reactor, a significant quantity of 
the fissile material remains as unburnt plutonium and uranium-235, of the 
order of 2% total, and this is rarely recovered and reused. Only France and 
Japan regularly reprocesses waste and reuse the products as fuel [29]. The 
fraction of spent fuel not reprocessed and reused is difficult to estimate, but 
reuse may reduce uranium requirements by approximately 25-30% [30]. 
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Taken together these factors indicate that LWRs, which represent 82% of 
the world’s reactors, use barely 1% of the uranium that is mined to supply 
them.   
1.4.3 OPTIONS FOR SUSTAINABLE NUCLEAR FUEL MANAGEMENT 
There is significant room for improvement in many areas of nuclear energy 
systems for fuel resource utilisation, and these options and possibilities will 
need to be exploited as the price of uranium increases over the coming 
decades. 
In the short term, possible areas for improvement include reducing the 
depleted uranium tails assay in fuel enrichment from the current typical 
value of 0.25% [30]. Additionally, increasing spent fuel reprocessing and 
reuse of the separated fissile products in Mixed Oxide (MOX) fuels will give 
reductions in natural uranium requirements. In the coming decades, 
increased conversion ratios in reduced moderation reactors and fast 
breeder reactors could further improve this [31-33].  
1.5 THORIUM AS AN ALTERNATIVE FUEL TO URANIUM 
In addition to uranium there also exists thorium, another naturally 
occurring potential fuel. Full details of the thorium fuel cycle, its 
opportunities and challenges are presented in [34]. A physics-based 
comparison of uranium and thorium fuels is presented in Section 2.2. 
However, a qualitative description of the key differences is presented here.  
The comparison of uranium and thorium fuel cycles in order to determine 
whether adoption of thorium is advantageous is partly subjective from the 
viewpoint of the fuel cycle operator or country. Countries which have access 
to plentiful thorium resources, limited uranium resources, and the need to 
develop a largely indigenous fuel cycle, such as India, are very much 
motivated to adopt thorium fuel cycles [35]. 
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Developed countries with established nuclear fuel cycles are much more 
reserved when considering thorium fuel cycles. For the USA and UK, 
thorium fuel cycles are not currently seen as sufficiently attractive to 
displace U-Pu fuels [36-38]. Of course, this assessment may change 
depending on the development of the thorium fuel cycle globally.  
1.5.1 THE LIMITATIONS OF THORIUM 
Thorium nuclear energy makes regular appearances in popular science 
reporting [39, 40]. Thorium provides a complementary material to 
supplement uranium resources, particularly with the decline in limited 
secondary uranium resources [41]. However, thorium is often presented by 
a sector of the scientific and technical community as a “silver bullet” – a 
wonder fuel which can save the planet from climate change and energy 
shortages in general, and the problems of uranium-fuelled nuclear energy in 
particular. However, any nuclear fuel must be evaluated within the context 
of a whole nuclear energy system in order to evaluate its potential benefits.  
1.5.2 THE USE OF THORIUM AS A NUCLEAR FUEL  
1.5.2.1 RESOURCE AVAILABILITY 
Thorium is approximately four times more abundant than uranium in the 
environment, and much of it is in the readily accessible ore monazite, which 
concentrates as a sand in river beds and beaches, and in the ore bastnasite, 
which is heavily mined for rare earths and iron in China [42]. A detailed 
discussion of monazite resources in presented in Section 2.3 of this thesis. 
1.5.2.2 THERMAL BREEDING WITH THE THORIUM-233U FUEL CYCLE 
Unlike uranium, thorium is naturally monoisotopic in the environment, 
found only as 232Th. This isotope is fertile, and can be converted to the fissile 
233U by capturing a neutron and undergoing two 𝛽− decays, as shown in the 
reaction below, where 𝑡0.5 is the radioactive decay half-life [43] 
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𝑇ℎ90
232 + 𝑛0
1 → 𝑇ℎ90
233
t0.5=21.8 min
→        
𝛽−
𝑃𝑎91
233
t0.5=27.0 days
→         
𝛽−
𝑈92
233  
 
Where 𝑡0.5 is the half-life of the parent isotope, and 
 𝛽− indicates beta decay (electron emission). 
Nuclear reactors require an amount of fissile material in the core in order to 
be operable, the fission of which is driven by neutrons. The nuclear fission 
process releases additional neutrons, which go on to cause further fissions, 
sustaining a critical nuclear chain reaction [17]. Criticality may be expressed 
through the neutron multiplication factor 𝑘𝑖𝑛𝑓 , the ratio of neutron 
population in a generation to that of the previous generation. As thorium is 
not fissile, a reactor cannot be fuelled with thorium alone, and requires a 
source of neutrons, at least until the fraction of 233U reaches a level which is 
sufficient to sustain a chain reaction without additional neutron sources. 
The neutron producing fissile driver can be another fissile isotope, for 
example 239Pu, or an external neutron source, as is used in an Accelerator 
Driven System [44]. 
For a wide range of incident thermal neutron energies, the fission of 233U 
releases more than two neutrons per neutron absorbed, with enough 
margin to allow for two neutrons to remain after accounting for parasitic 
neutron absorption or leakage in many cases. Thus, fuel breeding is possible 
in thorium fuelled reactors with a thermal neutron spectrum [34, 45]. For a 
breeding core, once the amount of 233U in a suitable geometry reaches 
equilibrium no further fissile driver is required, and only additional thorium 
needs to be introduced.  
As 100% of primary thorium may be irradiated in a nuclear reactor, with no 
enrichment losses and the possibility of complete thorium fissile conversion 
in a thermal neutron spectrum, the resource utilisation of thorium compares 
favourably to uranium, giving much reduced requirements for mining [46]. 
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1.6 NUCLEAR POWER IN THE UNITED KINGDOM 
1.6.1 HISTORICAL AND CURRENT NUCLEAR OPERATIONS 
The United Kingdom was one of the first countries to use nuclear power, 
operating the Windscale Piles at low burnups for weapons-grade plutonium 
production from 1950 to 1957. Since then, a generation of 26 MAGNOX-type 
reactors have operated from 1956 to 2015 [47]. These were followed by 
seven Advanced Gas-cooled Reactor (AGR) stations, which were connected 
to the grid between 1976 and 1988 [48, 49]. These plants continue to 
operate today and are scheduled to close between 2024 and 2030. In 1995 a 
single PWR was built at Sizewell [50]. Sizewell B is currently planned to 
operate until 2035. Fuller histories of the UK nuclear programme are 
available in the literature [51, 52]. 
The UK is now at the beginning of a so-called nuclear renaissance, and aims 
to allow the construction of approximately 16-18 GWe of new nuclear 
generating capacity over the coming twenty years [53]. Eight sites have 
been designated as potential sites for new nuclear stations, and it is 
currently suggested that at least six of these will be used for new reactors. 
These reactors will be built, owned and operated by private bodies, with 
financial guarantees from the UK government on energy prices and loan 
underwriting [54-60]. 
1.6.2 THE UK PLUTONIUM INVENTORY 
Since reactor operations began in the UK, plutonium and uranium have been 
separated from MAGNOX and AGR spent fuel and held in national 
inventories [61]. MAGNOX reactors have a low burnup compared to modern 
reactors, with the earliest reactors purposefully operating for highly fissile 
plutonium production. AGR burnups were higher, but still relatively low 
compared to modern LWRs [62].  
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The resulting plutonium inventory is divided into “lots”, each of which has a 
variable isotopic composition, due to the material having been produced 
from a number of reactor types with different power and burnup histories, 
and then aged in storage for up to 60 years, during which time decay 
products have built up, notably the neutron absorber americium-241 [63].  
The inventory is expected to reach 140 tHM when current reprocessing 
contracts end in 2018, including ~25 tHM of foreign-owned plutonium [64]. 
It has been suggested that the annual cost of safely storing and safeguarding 
this material may be approximately £80 million [65]. The Government views 
this material as a “zero value asset”, rather than a waste, and is seeking 
options through which the overall risk of the material may be reduced or 
eliminated. The current preferred option is reuse of the plutonium in a fuel 
form, as opposed to direct disposal as a waste [64]. The plutonium 
management decision in government is owned by the Nuclear 
Decommissioning Authority (NDA). 
The UK National Nuclear Laboratory (NNL) has the task of assessing options 
for plutonium disposition. They are considering four main options [64]: 
1. Immobilisation and disposal in a suitable engineered waste form. 
2. Production of MOX fuel for use in a suitable LWR. Previous efforts to 
operate a MOX plant in the UK have been unsuccessful [66].  
3. Production of a MOX fuel suitable for use in the SNC-Lavalin 
Enhanced CANDU 6 (EC6), a PHWR.  
4. Production of a metallic alloy fuel of plutonium, zirconium and 
uranium suitable for use in the GE-Hitachi Nuclear Energy PRISM 
reactor, a liquid sodium-cooled fast reactor. 
The criteria used by NDA in selecting plutonium management options have 
not been published. However, from the details of the various proposals put 
forward to the NDA it would appear that the UK wishes to reduce the risks 
of its separated plutonium inventory over a relatively short period of time, 
CHAPTER 1 INTRODUCTION 
 
11 
 
and that it is desirable for the final product of the dispositioning process to 
be beyond use as a weapons material. In the case of reuse proposals, this 
would mean that the plutonium would need to undergo significant 
irradiation in a reactor in order to reduce the proportion of fissile isotopes 
and to provide a degree of radiogenic self-protection from fission products 
and minor actinides, followed by immobilisation in a final spent fuel form. 
Furthermore it is assumed that the NDA would wish to maximise the 
electrical energy value that may be recovered from the plutonium, and to 
minimise the waste volumes arising from these activities. 
The AREVA and GE-Hitachi proposals have a number of merits, but these 
proposals will not be discussed further in this thesis. Instead this work will 
focus on the proposal from SNC-Lavalin, called UK CANMOX. The proposal is 
detailed further in Chapter 4 of this thesis. There are a number of problems 
with the proposed fuel, the main of which being that it generates additional 
plutonium and will lead to the irradiation of large quantities of depleted 
uranium and the valuable rare earth element dysprosium. To counter these 
problems, in Chapters 4 and 5 alternative fuel concepts for Pu irradiation in 
PHWRs are proposed based on the use of thorium and reprocessed uranium 
in place of dysprosium and depleted uranium. The aim was to determine 
whether such a fuel concept would be neutronically feasible, by determining 
how the neutron multiplication factor 𝑘𝑖𝑛𝑓 compares to that of natural 
uranium and UK CANMOX fuels, and to determine the achievable discharge 
burnup (energy release per unit mass of fuel), isotopic compositions on 
discharge, thorium conversion to 233U, and whether the fuel could give an 
improvement in core coolant void reactivity [67], a common problem and 
potential regulatory hurdle for the Enhanced CANDU 6 reactor in the UK 
[20, 68]. 
THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS 
 
12 
 
1.7 AQUEOUS SEPARATIONS PROCESSES 
Nuclear fuels have very strict requirements on chemical purity. All nuclei 
absorb neutrons to some degree, and the presence of contaminants reduces 
the availability of neutrons to sustain the fission chain reaction [69]. As 
such, processes are required which separate contaminants from fuel 
components. After irradiation, spent fuel reprocessing techniques may be 
used to separate useful elements from waste materials, and may in future be 
used to separate individual elements from spent fuel for advanced waste 
treatments [70-73]. Currently the majority of used nuclear fuel separations 
activities are carried out in aqueous media, from which the desired elements 
are selectively extracted, leaving waste material behind. Front end 
processing activities are more variable, depending on the process feed 
material, but aqueous methods remain very common [74]. 
The methods most used in the nuclear industry are solvent extraction and 
ion exchange [74-76]. These methods involve bringing the aqueous solution 
of multiple metals into contact with an extraction medium. In solvent 
extraction, the extraction medium is a liquid, while in ion exchange 
processes the extraction medium is a solid. The metals distribute to some 
extent between the aqueous medium and the extraction medium, which is 
immiscible with the aqueous medium. The different affinity of each metal 
towards the extraction media is used to separate them.  
In this thesis several liquid-liquid distribution studies are discussed, and a 
brief overview of the technique is presented in the following chapter. Many 
detailed descriptions of solvent extraction theory are available in the 
scientific literature, and the reader may consult the following sources for 
further information [76-79].  
Separations processes for thorium have been studied in great detail in the 
literature, considering a very wide range of extractants in a variety of 
situations and from a large set of aqueous media. These are detailed in 
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Section 2.8. These studies have almost all examined individual extractants, 
including the very well-established tributyl phosphate (TBP) [80-82], the 
more industrially relevant phosphorous extractants such as PC-88a [83-85] 
and HDEHP [86-88], and the more recent synthesis of experimental 
extractants such as crown ethers [89-91] and calix-4-arenes [92-94]. PC-88a 
in particular is the currently used extractant of choice for thorium recovery 
[34]. However, in industrial use iron and uranium must be separated in a 
separate step from the mineral solution feed before PC-88a may be used to 
recover the thorium. In Chapter 3 is presented a possible system which 
aimed to allow thorium to be separated selectively from a mixture of iron 
and uranium, based on synergic mixtures of PC-88a and HDEHP, a 
combination which has not previously been reported in the literature. The 
aim was to determine the extracted complexes and number of contact stages 
required to extract 99% of the dissolved thorium from an acidic solution of 
uranium, thorium and iron.  
The separation of thorium and uranium will also be required if it is desired 
to recover 233U which has been produced in the reactor from thorium in 
order to reintroduce this uranium into new thorium fuel, for instance if a 
thorium-233U “equilibrium” fuel is needed to start a full thorium fuel cycle. In 
CANDU reactors the fuel is surrounded by a zirconium alloy sheath, which 
deforms under the pressure and temperature in the core and is compressed 
onto the fuel pellets, making it difficult to mechanically separate the 
zirconium from the fuel [20]. The separation of thorium, uranium, zirconium 
and iron has not been well studied in the literature. In Chapter 6 a screening 
study is presented of a set of ten potential synergists for PC-88a, including 
HDEHP, for the separation of these metals. The aim was to determine the 
distribution ratios of each metal and the separation factors of iron, uranium 
and zirconium against thorium with the various synergic mixtures from 
nitric, hydrochloric and sulfuric acids, in order to identify promising 
systems for further detailed development. 
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1.8 CHAPTER SUMMARY 
In this chapter the case has been made for nuclear power, particularly 
thorium-based nuclear power. While thorium has fallen out of favour with 
the mainstream nuclear industry, in the right applications it can 
complement the existing uranium nuclear fuel cycle, enhancing the 
sustainability credentials of nuclear energy and allowing improvements in a 
number of areas such as resource utilisation, non-proliferation, and as a 
fertile host material for plutonium stockpile irradiation. Despite this, the 
thorium fuel cycle is relatively under-developed compared to the uranium 
fuel cycle. 
In addition background information has been given on the current status of 
nuclear power in the UK, with a focus on plutonium management options, as 
well as an introduction to solvent extraction as a means of separating metal 
ions in aqueous solutions.  
In the next chapter, the current state-of-the-art in thorium fuel preparation 
and reactor irradiation are discussed, as well as the historical context of 
thorium nuclear power research and development efforts. From this review 
gaps in the scientific literature were identified for further study. 
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2 INTRODUCTORY THEORY, THORIUM 
RESOURCES AND LITERATURE 
REVIEW 
Having established the need for additional work in thorium separations 
chemistry and thorium nuclear fuels in Chapter 1, this chapter begins with a 
more detailed overview of reactor physics phenomena and the front end of 
the thorium nuclear fuel cycle. Following this is a discussion of the current 
scientific literature on the separation of thorium from other elements by 
solvent extraction and the use of thorium dioxide as a nuclear fuel in 
Generation III+ nuclear power reactors, particularly PHWRs.  
2.1 OVERVIEW OF NUCLEAR POWER REACTOR OPERATING 
PRINCIPLES AND BASIC PHYSICS 
This section provides an introduction to nuclear reactor physics and 
operations theory, as required for an understanding of the topics in this 
thesis. Fuller details of these topics are available in the literature [15-20], 
and these sources were used to compile the information reported in this 
section. 
Similar to a fossil fuelled power plant, electricity is produced in a nuclear 
plant by turning a generator, using the mechanical work from a connected 
steam or gas turbine. The heat required to turn this turbine is produced by a 
nuclear fission reaction. Nuclear fission is the splitting of suitable heavy 
atomic nuclei to release energy, occurring when these nuclei absorb 
neutrons, become unstable, and split into two smaller fragments and a small 
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number of neutrons. This is as opposed to nuclear fusion, where light atomic 
nuclei are brought together to release energy [95].  
2.1.1 NEUTRON INTERACTIONS WITH MATTER 
Besides fission, several other important neutron-nucleus interactions are 
possible. A neutron may be captured by a nucleus without inducing fission, 
resulting in the formation of a heavier nucleus, which may then undergo 
radioactive decay to form other isotopes. Neutrons may also be scattered by 
nuclei, transferring a portion of their energy to the target nucleus and thus 
changing their velocity.  
The probability of a given neutron interacting with a nucleus is a function of 
the target nucleus’ composition and the energies of the nucleus and the 
incident neutron. These probabilities are often expressed as microscopic 
neutron cross sections σ, usually expressed in barns (b), where 1 b = 10-24 
cm2. The cross sections for neutron-induced fission 𝜎𝑓, radiative neutron 
capture 𝜎𝑐, and elastic neutron scattering 𝜎𝑠 for some selected actinide 
isotopes of importance in this work over a range of neutron energies are 
shown in Figure 2.2 to Figure 2.7. Two further combined interaction cross-
sections are defined as the absorption cross section 𝜎𝑎 and the total 
interaction cross section 𝜎𝑡, as shown in Equation (2.1). 
 𝜎𝑡 = 𝜎𝑠 + 𝜎𝑎 = 𝜎𝑠 + 𝜎𝑐 + 𝜎𝑓 (2.1) 
 
It can be seen that in general, the lower the energy of the incident neutron, 
the greater the chance of it being absorbed. In the central part of the 
neutron energy range, approximately 101 – 105 eV, the cross section is 
characterised by a series of close peaks. These are known as neutron 
resonances, and occur due to the fact that the possible energy states of a 
nucleus are discrete, and neutrons are much more likely to be absorbed if 
they have the correct energy to form a compound nucleus [17].  
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FIGURE 2.1 –  SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR Th-232 AND -233 FOR A 
RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96]. 
 
FIGURE 2.2 –  SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR URANIUM-233 FOR A 
RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96].  
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FIGURE 2.3 –  SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR URANIUM-235 FOR A 
RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96]. 
 
FIGURE 2.4 –  SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR URANIUM-238 FOR A 
RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96]. 
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FIGURE 2.5 –  SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR PLUTONIUM-239 FOR A 
RANGE OF INCIDENT NEUTRON ENERGIES . DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96]. 
 
FIGURE 2.6 –  SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR PLUTONIUM-240 FOR A 
RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96]. 
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FIGURE 2.7 –  SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR PLUTONIUM-241 FOR A 
RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96]. 
Microscopic cross sections vary as a function of target nucleus temperature 
due to the Doppler broadening of peaks in the interaction spectra. As the 
target nucleus temperature increases it vibrates more rapidly, leading to an 
increase in the range of relative velocities between the incident neutron and 
the target nucleus. Thus, with increasing temperature the interaction peaks 
become more diffuse, with a lower maximum magnitude [16]. 
In addition to the microscopic neutron interaction cross section 𝜎, there 
exists the macroscopic neutron interaction cross section Σ, which is the 
microscopic cross section multiplied by the atomic density of the isotope, as 
shown in Equation (2.2). 
 Σ𝑖 = 𝑁𝜎𝑖 (2.2) 
 
Where Σ𝑖 is the macroscopic neutron cross section for interaction 𝑖, and 
 N is the atomic density of the isotope of interest. 
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2.1.2 THE CRITICAL NUCLEAR FISSION CHAIN REACTION 
Nuclear fuels are prepared from “fissile” materials (those which have a high 
fission capture cross section) [18]. Most commonly used is the isotope 
uranium-235, which releases 2-3 fast neutrons upon fission. These fast 
neutrons have energies of ~2 MeV. The released neutrons may then go on to 
cause fission in other 235U atoms. If exactly one released neutron goes on to 
cause an additional fission, and this process is repeated, a self-sustaining 
“critical” chain reaction can be created, as illustrated in diagrammatic form 
in Figure 2.8. This may be achieved by bringing together a “critical mass” of 
fissile material in a suitable geometry, number of neutrons being produced 
by fission is balanced by the number of neutrons either being captured or 
leaking from the critical mass. A nuclear reactor is critical when the number 
of neutrons within the core is constant over time. This may be expressed by 
the parameter 𝑘𝑖𝑛𝑓 , as given in Equation (2.3), which accounts for neutron 
production and absorption within an infinite reactor core, without neutron 
leakage [19]. 
 
FIGURE 2.8 –  THE NUCLEAR FISSION CHAIN REACTION . A NEUTRON CAUSES FISSION IN A FISSILE 
ATOM, PRODUCING TWO FISSION FRAGMENTS, A NUMBER OF FAST NEUTRONS AND ENERGY IN 
THE FORM OF HEAT . FIGURE BASED ON SOURCE [97]. 
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 𝑘𝑖𝑛𝑓 =
𝑛𝑖
𝑛𝑖−1
 (2.3) 
 
Where  𝑘𝑖𝑛𝑓 is the infinite neutron multiplication factor, 
 𝑛𝑖  is the number of neutrons in the current generation, and 
 𝑛𝑖−1 is the number of neutrons in the previous generation. 
Real reactors are naturally not infinitely large, and have some degree of 
neutron leakage from the core. To account for this the effective neutron 
multiplication factor 𝑘𝑒𝑓𝑓 is also defined, as given in Equation (2.4) [16]. 
 𝑘𝑒𝑓𝑓 = 𝑘𝑖𝑛𝑓𝑃𝑁𝐿 (2.4) 
 
Where  𝑘𝑒𝑓𝑓 is the effective neutron multiplication factor, and 
 𝑃𝑁𝐿 is the probability of neutron non-leakage. 
When 𝑘𝑒𝑓𝑓 = 1, the reaction is critical. When 𝑘𝑒𝑓𝑓 > 1 the core is 
supercritical, and when 𝑘𝑒𝑓𝑓 < 1 the core is subcritical. Further to this, 
another parameter, the core reactivity 𝜌, is defined in Equation (2.5) [16]. 
 
𝜌 =
𝑘𝑒𝑓𝑓 − 1
𝑘𝑒𝑓𝑓
 (2.5) 
 
Thus for a critical core, 𝜌 = 0. A supercritical core will have positive 
reactivity, and a subcritical core will have negative reactivity.  
Uranium-235 forms 0.71% of natural uranium, with the remainder being 
made up almost completely by uranium-238, which is not fissile, although it 
can be converted to fissile plutonium-239 through radiative neutron capture 
and beta decay as shown in the following reaction [17]. 
𝑈92
238 + 𝑛0
1 → 𝑈92
239
t0.5=23.5 min
→        
𝛽−
𝑁𝑝93
239
t0.5=2.34 days
→         
𝛽−
𝑃𝑢94
239  
 
Similarly, thorium-232 is converted to the fissile isotope uranium-233 by 
neutron capture, as was described in Section 1.5.2.2. 
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2.1.3 NEUTRON MODERATION 
As can be seen in Figure 2.2 and Figure 2.3, neutrons are most likely to cause 
fissions in 235U and 233U when their energies are lowered to the “thermal” 
range, which is defined as ~0.025 eV. A 2 MeV fast neutron is approximately 
500 times less likely to induce a fission in 233U than a thermal neutron, 
based on the difference in their effective neutron cross sections [45]. Most 
reactors slow down fast fission neutrons to thermal energies, thus 
increasing the probability of fission reactions occurring, using a so-called 
moderator [17].  
The moderator will be a material of low atomic mass, which reduces the 
neutron energy through elastic collisions between the neutrons and 
moderator nuclei. The lighter the scattering nucleus, the more energy is lost 
by the neutron per scattering event, known as the lethargy gain, or 
logarithmic energy decrement, notated 𝜉 [16]. Moderators should not be 
absorbent of neutrons and should have a high scattering cross section. 
Common moderators include light (ordinary) water, heavy (deuterated) 
water and graphite. The elastic scattering and radiative capture cross 
sections for the key isotopes of these moderators are given in Figure 2.9.  
Moderators may be compared through the moderator ratio parameter 𝑀𝑅, 
as defined in Equation (2.6), where the greatest ratio indicates the most 
effective neutron moderator [16]. 
 
𝑀𝑅 =
𝜉Σ𝑠
Σ𝑎
 (2.6) 
 
Typical values for 𝑀𝑅 are 71 for light water, 5670 for heavy water, 143 for 
beryllium and 192 for graphite [98]. Moderators which give rapid neutron 
thermalisation are preferred, as they allow neutrons to more rapidly pass 
through the resonance energy range with a lower chance of being captured. 
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FIGURE 2.9 –  ELASTIC SCATTERING (N,EL)  AND RADIATIVE CAPTURE (N,G)  CROSS SECTIONS 
FOR HYDROGEN (H-1), DEUTERIUM (H-2), OXYGEN (O-16)  AND GRAPHITE (C-0) FOR A RANGE 
OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96]. 
Reactors are often categorised into types based on their moderator 
materials, i.e. Light Water Reactors (LWRs) and Pressurised Heavy Water 
Reactors (PHWRs).  
2.1.4 NEUTRON LOSS 
In a reactor, neutrons may be lost through several mechanisms. They may 
be absorbed by fuel without causing a fission, be absorbed in other 
materials present in the reactor or leak from the core [19].  
Neutron loss due to absorption in the moderator is a key parameter is 
reactor materials selection. Light water is a good moderator, as 1H has a 
large scattering cross section and energy decrement. However, the neutron 
absorption of light water is much greater than that of heavy water, leading 
to significant absorption in the moderator for LWRs. For this reason, these 
reactors are generally fuelled with enriched uranium, where the fraction of 
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235U has been increased to give greater fuel reactivity. PHWRs do not 
require enrichment, as the moderator has minimal neutron absorption [20].  
2.1.5 CORE HEAT MANAGEMENT AND REMOVAL 
Heat removal in the reactor is achieved by passing a coolant through the 
core. In addition to extracting useful energy, this controls heat build-up in 
the reactor, primarily in order to prevent materials from failing at high 
temperature, both in normal operation as well as under accident scenarios. 
LWRs usually use light water as both coolant and moderator [17]. Current 
PHWRs use heavy water as both coolant and moderator, although the 
coolant water and moderator water are segregated [20]. 
A simplified diagram of the key elements of a boiling water reactor (BWR) 
system is shown in Figure 2.10. Structures outside of the containment 
building are broadly similar for almost all reactor types, although many 
plants use large bodies of open water for condensate cooling, rather than 
cooling towers. However, systems inside the containment building vary 
significantly according to reactor type. The reactor systems for two other 
common reactor types, the PWR and PHWR, are shown in Figure 2.11. 
Other thermal reactor types operating today include the Advanced Gas-
cooled Reactor, a graphite-moderated, carbon dioxide gas-cooled reactor 
which only exists in the United Kingdom [49], and Russian RBMK and EGP-6 
reactors, which are light water-cooled and graphite-moderated [99].  
2.1.6 CORE CONTROL SYSTEMS 
A nuclear reactor core must begin its life with some level of positive 
reactivity, as otherwise it would instantaneously become sub-critical as 
soon as the first nucleus underwent fission. Over the period of operation the 
excess reactivity must be suppressed in order to achieve critical operation 
(𝑘𝑒𝑓𝑓 = 1). This is commonly achieved by using neutron absorbing materials 
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to reduce the population of neutrons in the core, allowing critical operation 
over a fuel irradiation cycle [18, 19]. 
 
FIGURE 2.10 –  SELECTED KEY COMPONENTS OF A BOILING WATER REACTOR. ILLUSTRATION 
COURTESY OF CAMECO CORPORATION-URANIUM 101 [100].  
 
FIGURE 2.11 –  KEY COMPONENTS IN THE NUCLEAR CONTAINMENT STRUCTURE FOR TWO OTHER 
COMMON PLANT TYPES, THE PRESSURISED WATER REACTOR (PWR, LEFT) AND THE 
PRESSURISED HEAVY WATER REACTOR (PHWR, RIGHT). ILLUSTRATIONS COURTESY OF 
CAMECO CORPORATION-URANIUM 101  [100]. 
A number of systems are used in reactors to control the neutron population. 
The most common are control rods. Control rods are solid bars which may 
be driven into or out of the core, and contain neutron absorbing materials 
such as boron, cadmium or gadolinium [17].  
Neutron absorbing materials may also be built into the fuel assemblies, and 
are thus fixed in position within the core. These are used as burnable 
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neutron absorbers, which are intended to gradually be converted from 
highly absorbent to low absorbent materials over the course of irradiation, 
generally to smooth out large excesses of positive reactivity associated with 
fresh nuclear fuel or temporarily reduce local neutron flux [16].  
The third common method of reactivity control is “chemical shim” control, 
where a soluble neutron absorber is added to the reactor coolant and/or 
moderator. Generally this is boron, although gadolinium is also used [20].  
PHWRs often feature Liquid Zone Control in addition, where vertical tubes 
within the core may be filled with or emptied of light water in order to alter 
the moderation and neutron capture profile [20, 68]. 
2.1.7 FUEL FERTILE CONVERSION AND BREEDING 
Some nuclear fuel materials are not fissile, but are fertile, meaning that they 
are converted by neutron capture to form fissile materials. 238U and 232Th 
are examples of fertile materials. The quotient of the rates of production and 
consumption of fissile material is termed the conversion ratio, 𝐶𝑟 , with 𝐶𝑟 ≥
1 indicating fuel breeding. Thermal reactors generally have 0 < 𝐶𝑟 < 1, 
producing an amount of fissile plutonium as they consume 235U, which will 
in turn be partially consumed [17].  
2.1.8 REACTOR STABILITY AND COEFFICIENTS OF REACTIVITY 
An operating reactor is not a machine in a steady state, and perturbations in 
operating conditions can cause changes in the neutron population, thus 
changing the core reactivity, leading to changes in core power and 
temperature, leading in turn to variations in the density of core materials.  
The effects of perturbations in reactor operating conditions on the neutron 
population and core reactivity are expressed through reactivity coefficients 
𝜔, as defined in Equation (2.7) [16, 17, 19]. 
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𝜔 =
𝑑𝜌
𝑑𝑚
 (2.7) 
 
Where 𝜔 is the reactivity coefficient, 
 𝜌 is the core reactivity, and 
 𝑚 is the perturbation causing a change in reactivity. 
It is always an aim of reactor design to have negative coefficients of 
reactivity, as this means that any perturbation leads to a change in reactivity 
which self-corrects the perturbation, giving a stable reactor [16, 17, 19].  
Some key reactivity coefficients include the fuel temperature coefficient, 
also known as the Doppler coefficient, where 𝑚 in Equation (2.7) is the fuel 
temperature [17]. As the fuel temperature increases so does the Doppler 
broadening effect, leading to increased neutron absorption in the resonance 
region. Additionally, there is the moderator temperature coefficient, where 
𝑚 in Equation (2.7) is the moderator temperature. Increased moderator 
temperature leads to decreased moderator density and thus less 
moderation, hardening the neutron energy spectrum and giving lower 
neutron absorption in the moderator [17].  
The void coefficient is where 𝑚 in Equation (2.7) is the fraction of voiding in 
liquid coolants/moderators due to vaporisation. If the heat flux from the fuel 
surpasses a critical value then the coolant may undergo a departure from 
nucleate boiling, leading to fuel rods becoming surrounding by an insulating 
vapour layer and thus being less able to discharge heat to the coolant, 
potentially also giving reduced moderation [20].  
When designing reactors, it is vital that the effect of these and many other 
factors on the core be considered in order to ensure that the reactor will be 
stable in operation over its life and during fault conditions [68]. 
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2.1.9 USED NUCLEAR FUEL 
When nuclear fuel can no longer sustain the critical chain reaction, it is 
removed from the reactor. The level of fuel irradiation achieved is often 
described in terms of fuel “burnup”, measured as the amount of thermal 
energy released from a unit mass of fuel, commonly in megawatt.days/ 
kilogram of heavy metal [16]. 
For most uranium-fuelled reactors the used fuel still contains approximately 
95% uranium, with the remainder converted to fission products and other 
actinides including plutonium, which are generally extremely radioactive 
[101, 102]. This used fuel may be reprocessed to separate out the uranium 
and plutonium from the other actinides and fission products, which are 
considered as waste, or the whole used fuel may be classified as waste for 
suitable disposal. The uranium and plutonium may be reused as nuclear fuel 
[26]. In thorium-fuelled reactors the fuel might be reprocessed to recover 
the 233U for reuse in a 233U-Th “equilibrium” fuel [103, 104]. 
2.1.10 PLUTONIUM AND PROLIFERATION 
Besides being reused in reactors, plutonium may also be used in the 
manufacture of nuclear weapon “pits”, the fissile core of a nuclear bomb. 
The fissile isotope 239Pu has a critical mass of approximately 10 kg [105], 
and it is this isotope that forms the majority of plutonium in spent nuclear 
fuel.  
Separated plutonium is hence highly attractive to individuals and groups 
who wish to create a nuclear weapon. The illicit acquisition of nuclear 
materials is known as plutonium proliferation [106].  
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2.2 THORIUM AS A NUCLEAR FUEL 
2.2.1 NUCLEAR INTERACTION PROPERTIES OF THORIUM 
In addition to those presented previously in Section 1.5, thorium has a 
number of other differences as a fuel when compared to uranium. Many of 
these are linked to the nuclear properties of 233U and 232Th, as distinct from 
235U and 238U respectively [43, 107].  
As can be seen in Figure 2.1 and Figure 2.4, 232Th is approximately three 
times more likely to capture a thermal neutron than 238U, meaning it 
converts more readily to a fissile isotope. This property means that thorium 
is an advantageous “host” material for the irradiation of separated fissile 
materials such as plutonium, allowing longer irradiation cycles and higher 
levels of fuel burnup to be achieved than with 238U, without producing 
additional 239Pu [108]. Thorium fuels are also much less likely to form 
transuranic elements, as the neutron capture cross section of 233U is less 
than that of either 235U or 239Pu, but the fission cross sections are similar, as 
can be seen in Figure 2.2, Figure 2.3 and Figure 2.5. In addition, plutonium 
production is almost eliminated, as more neutron captures are required on 
232Th than 238U to produce the element [107, 109].  
Neutron capture on 232Th does not always lead to the production of 233U.  
Some neutron interactions can lead to the formation of heavier 234U nuclei 
following neutron capture on 233Pa or 233U, as shown in Figure 2.12 [110-
112]. Alternatively, neutron captures on 232Th, 233Pa or 233U may result in 
the formation of 232U, again as shown in Figure 2.12 [112-115]. The 
relatively long half-life of 233Pa (𝑡0.5 = 27.0 d), compared to the equivalent 
decay of 239Np in the U-Pu fuel cycle (𝑡0.5 = 2.36 d), exacerbates this, 
providing a large window of time in which 232U may be formed. The 
microscopic cross sections for some selected neutron capture reactions on 
protactinium isotopes are shown in Figure 2.13. Such even-numbered 
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uranium isotopes have very low fission cross sections. Additionally, 232U has 
a number of high-energy gamma ray emitting decay daughters and a half-life 
of 68.9 years, meaning that if uranium were to be separated from thorium 
spent fuel the separations process and uranic products would require 
significant radiation shielding to be made safe, likely necessitating remote 
handling. Sufficient time must also be allowed for any remaining 233Pa in the 
spent fuel to decay to 233U prior to reprocessing [116]. 
 
FIGURE 2.12 –  SELECTED NEUTRON CAPTURE INTERACTIONS AND RADIOACTIVE DECAY 
REACTIONS FOR THORIUM-BASED NUCLEAR FUELS. SHOWN IN GREEN IS THE PATHWAY FROM 
232Th TO 233U, WITH POSSIBLE ROUTES TO EVEN-NUMBERED URANIUM ISOTOPES IN BLUE. 
REACTIONS SHOWN ARE NEUTRON CAPTURE-PRODUCTION (n,2n), RADIATIVE NEUTRON 
CAPTURE (n,𝛾), AND BETA DECAY (𝛽−). RADIATIVE CAPTURE CROSS SECTIONS ARE SHOWN FOR 
0.025  eV INCIDENT NEUTRONS AND n,2n CROSS SECTIONS ARE AVERAGE VALUES FOR FISSION 
SPECTRUM NEUTRONS, AS THIS REACTION HAS A THRESHOLD ENERGY OF 6-7 MeV [45]. 
The positive side of 232U is that it can be useful in providing radiogenic self-
shielding, giving inherent proliferation resistance to the spent thorium fuel. 
Highly attractive proliferation materials may also be shielded by blending 
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with 232U [38, 116, 117]. However, such self-shielding weakens over time as 
the short-lived radiotoxic materials decay. Unfortunately 233U is an attractive 
material for proliferation itself, being similarly effective in a weapon as 
239Pu [118, 119], and it must be protected and safeguarded with the same 
level of care and diligence [109, 120, 121]. 
 
FIGURE 2.13 –  SELECTED NEUTRON CAPTURE CROSS SECTIONS FOR PROTACTINIUM ISOTOPES 
FOR A RANGE OF INCIDENT NEUTRON ENERGIES . DATA TAKEN FROM THE ENDF/B-VII.1  
LIBRARY [96]. 
2.2.2 THORIUM SPENT FUEL 
The radiotoxicity and heat generation rate of thorium spent nuclear fuel is 
generally comparable to or lower than that of uranic spent fuel [102]. As in 
shown in Figure 2.14, for the first 200 years following discharge from the 
core the spent fuel radiotoxicity is comparable, with 90Sr dominating. Over 
the period 200-2000 years Th spent fuels are less radiotoxic than U spent 
fuels, due to 241Am dominating in high plutonium fraction fuels. However, 
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from 2000-2,000,000 post-irradiation 233U-thorium spent fuels are more 
radiotoxic due to the 233U and 234U decay chains.  
 
FIGURE 2.14 –  INGESTION RADIOTOXICITY OF FOUR PWR  FUELS AGAINST TIME POST-
IRRADIATION. IMAGE REPRODUCED FROM DATA PUBLISHED IN [116]. 
The spent fuel heat generation rate will be a crucial parameter in sizing a 
nuclear waste geological repository, which is driven by the heat generation 
at 1000 years post-irradiation [68]. The heat generated by a thorium-
uranium spent fuel is less than that of uranium-plutonium spent fuel over a 
timescale of 1000 years [68, 102].  
2.2.3 THE THORIUM OXIDE FUEL FORM 
Thorium dioxide ThO2 as a fuel has a number of advantages and challenges 
compared to uranium oxide fuel. Of the two, thorium dioxide is more 
resistant to high temperatures, radiation damage and oxidation [122-125]. 
The chemical stability of ThO2 means that its behaviour in long term storage 
and disposal is more predictable than UO2 fuels, which can convert to UO3 
and U3O8 [126]. The downside of this chemical stability is that spent fuel 
dissolution for reprocessing is also more complex, requiring mixtures of 
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hydrofluoric acid and concentrated nitric acid in order to dissolve the spent 
fuel [104, 127].  
ThO2 is also more refractory than UO2, meaning that higher fuel 
temperatures in the core can be reached without fuel failure. However, this 
also necessitates the use of higher temperatures in fuel pellet sintering, 
which are more difficult to achieve [128-130].  
2.2.4 THORIUM-FUELLED MOLTEN SALT REACTORS 
When thorium nuclear fuel is discussed, it is almost inevitable that a 
discussion of Molten Salt Reactors (MSRs) will follow. A description of the 
current status of thorium-fuelled MSRs is given in [131]. MSRs have some 
key differences from LWRs, which are briefly outlined here. MSRs have been 
built and successfully operated historically [132], but today are still 
considered to be an experimental concept which require detailed 
development across materials science, reactor chemistry, and fuel 
production and processing in order to be realised. A diagram of an example 
MSR system is presented in Figure 2.15.  
When fuelled by thorium, once at Th-233U equilibrium these reactors would 
ideally be fuelled only by the addition of thorium, with 233U being produced 
and burnt within the reactor system and not being separated. However, 
there are many variations of the design, and many possible fuel cycles and 
applications, making the above outline an example only. 
Proponents of the technology insist that liquid fluoride thorium reactors 
(LFTRs) may be available within as little as ten years [133]. In reality with 
the requirements for research and development, power plant design, fuel 
qualification, regulatory approval, fuel processing capacity deployment, and 
the myriad other challenges facing such a revolutionary nuclear technology, 
the timescale for commercial operation is more likely to be at least the mid-
21st century [134]. The first irradiations of thorium in commercial reactors 
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will likely be as thorium oxide in LWRs [135] or PHWRs [136]. In this thesis, 
fuels are considered for use in PHWRs. 
 
FIGURE 2.15 –  SCHEMATIC DIAGRAM OF THE MAIN ELEMENTS OF A MOLTEN SALT REACTOR 
(MSR)  SYSTEM. THE “FREEZE PLUG” IS COMPOSED OF A MATERIAL WHICH WILL MELT IF THE 
REACTOR TEMPERATURE BECOMES TOO HIGH, ALLOWING THE FUEL SALT TO DRAIN INTO SUB-
CRITICAL “DUMP TANKS” TO COOL AND SOLIDIFY [137]. 
2.3 THORIUM RESOURCES 
Thorium resources can be classified as primary or secondary. Minerals 
containing thorium are considered as primary thorium resources. 
Secondary thorium resources include existing separated thorium 
inventories and mineral processing residue stocks. The actual thorium 
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resources used in fuel fabrication will be selected on the basis of resource 
cost, ease of treatment, product value, and demand amongst other factors.  
2.3.1 PRIMARY SOURCES OF THORIUM 
Thorium currently has no large scale application and mineral resources 
which contain it are currently not worked for their thorium content [138]. 
Thorium occurs in the natural environment as a component of a number of 
minerals [139, 140]. Thorium is the major component of the minerals 
thorianite ThO2 and thorite ThSiO4 [141, 142]. These minerals often include 
some fraction of uranium alongside the thorium [142]. Such uranium-
bearing minerals may be worked for their uranium content, but the thorium 
is regularly discarded as a waste product, having little to no commercial 
value today with the exception of research uses [143].  
2.3.1.1 THE THORIUM-BEARING MINERAL MONAZITE 
Monazite is the collective name for a group of monoclinic rare earth 
phosphate minerals which may contain thorium in addition to elements 
including cerium, lanthanum, neodymium, gadolinium and samarium [144, 
145]. The general structure of monazite is given as (Ce,La,Nd,Th)(PO4,SiO4) 
[141, 145]. The group includes several minerals designated by their 
dominant cation, including Monazite-(Ce), Monazite-(La), Monazite-(Nd) 
and Monazite-(Sm), as well as other minerals such as Gasparite-(Ce) 
(Ce,RE)(AsO4) and Cheralite (Ce,Ca)(Ce,Th)PO4 [146].  
While monazite does exist in bulk crystals as shown in Figure 2.16, it also 
concentrates as a sand on beaches and in rivers due its high density and 
greater resistance to erosive weathering processes than its’ common host 
rocks [144]. The monazite forms a component of heavy mineral sands, 
alongside other heavy, weathering-resistant minerals such as zircon ZrSiO4 
and ilmenite FeTiO3. Such “placer” deposits are extensively worked for the 
rare earth content of the monazite [147] and thus large quantities of 
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thorium are produced as a by-product [148, 149]. An example of such a sand 
is shown in Figure 2.16. The shown monazite samples were examined by 
scanning electron microscopy, and the results of these examinations are 
presented in Appendix A of this thesis. 
  
FIGURE 2.16 –  MONAZITE GROUP MINERAL CRYSTALS FROM LANDAAS, NORWAY (LEFT). SAND 
CONTAINING MONAZITE FROM BRAZIL (RIGHT). SCALE IN CENTIMETRES. 
A wide range of monazite composition data is available in the scientific 
literature [142, 150-160]. The mass fractions of 9 different monazites from 
different locations across four continents have been averaged to give the 
composition of a “typical” monazite, which is given in Table 2.1. However, 
the composition of any given mineral which might be processed for its rare 
earth, thorium or uranium content may vary significantly from these 
average values. 
TABLE 2.1–  AVERAGE MASS COMPOSITION DATA ACROSS 9 MONAZITE SAMPLES [142,  144, 
151-161]. 
COMPONENT MASS FRACTION  COMPONENT MASS FRACTION 
ThO2 8.82%  Al2O3 0.33% 
P2O5 26.38%  Fe2O3 1.19% 
SiO2 1.66%  CaO 1.33% 
U3O8 1.17%  MgO 0.11% 
Ce2O3 24.22%  PbO 0.27% 
La2O3 29.58%  H2O 0.49% 
Y2O3 4.45%    
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2.3.1.2 OTHER THORIUM-BEARING MINERALS 
Thorium forms a minor component of over one hundred other minerals, 
including niobates, tantalates, titanates, phosphates and silicates [142, 161]. 
These minerals are usually very low in thorium, or are not considered 
amongst the primary sources of thorium for some other reason such as 
rarity or lack of economic motivation.  
2.3.1.3 GEOGRAPHICAL DISTRIBUTION OF THORIUM-BEARING 
MONAZITE RESOURCES 
Thorium mineral resources occur in a number of countries. Numerous 
reports of monazite, thorianite and thorite resources give all three minerals 
in carbonatites, pegmatites, vein deposits and placer deposits [142, 150-
152, 154, 161-166]. This thesis focusses on monazite. It is estimated that 
total world thorium resources in major deposits are at least 6 million tonnes 
[166], with total global resources estimated to be 12 million tonnes [34]. 
The largest thorium-rich mineral resources are Indian beach sands along the 
country’s eastern coast. It is estimated that these sands alone contain one 
million tonnes of thorium [166]. The Indian nuclear strategy relies on the 
exploitation of these thorium resources in a closed fuel cycle, as the country 
has little indigenous uranium and has for a long time been prevented from 
importing the uranium and nuclear technology due to its status as a non-
signatory to the Nuclear Non-Proliferation Treaty [35, 167].  
Significant monazite reserves containing ~6% thorium oxide also exist in 
Brazil, and monazite was worked for its rare earth content in the country 
from 1949-1992, producing thousands of tonnes of thorium hydroxide 
concentrate by-product [168]. This thorium hydroxide by-product residue is 
discussed further in Section 2.3.2.  
Rare earth exploration and processing of monazites containing thorium was 
underway in 2015 in Australia, Brazil, Sweden, North America (Canada, 
Greenland and the United States), Asia (India, Kazakhstan, Russia, Thailand, 
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Turkey, Vietnam) and Africa (Kenya, Madagascar, Malawi, Mozambique, 
Namibia, South Africa, Tanzania) [166]. In addition, valuable thorium 
resources are available, but not currently worked, in Sri Lanka [169, 170], 
Malaysia [171] and Norway [151]. India and China are the main producers 
of monazite, producing of the order of 5000 t/yr in 2005. The economically 
recoverable thorium resources for countries with large resources are listed 
in Table 2.2. 
TABLE 2.2 –  ESTIMATED RESERVES OF THORIUM IN SOME MAJOR SOURCE COUNTRIES, IN 
TONNES OF THORIUM METAL, AND ESTIMATED THORIUM OXIDE FRACTION WHERE AVAILABLE 
[34].  
COUNTRY REASONABLY 
ASSURED 
RESOURCES 
/tHM 
ESTIMATED 
ADDITIONAL 
RESERVES 
/tHM 
THORIUM OXIDE FRACTION IN 
MONAZITE 
India  650,000        – 8.88% 
Brazil  606,000  700,000 6.5% 
Turkey  380,000  500,000   – 
United States  137,000  295,000 3.1% (Florida beach sand) 
Norway  132,000  132,000   – 
Greenland  54,000  32,000   – 
Canada  45,000  128,000   – 
Australia  19,000        –   – 
South Africa  18,000        – 5.9% (Bulk monazite rock) 
Korea        –        – 5.47% 
Italy        –        – 11.34% 
Malaysia        –        – 8.75% 
Sri Lanka        –        – 14.32% 
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2.3.2 SECONDARY THORIUM RESOURCES 
In addition to the primary monazite resources listed in Section 2.3.1, there 
are also approximately 25,000 t of thorium oxide in monazite processing 
residues, including those in Brazil discussed in Section 2.3.1.3 [34]. These 
monazite residues represent a pre-concentrated source of thorium 
compared to monazite, and are generally much more amenable to 
dissolution/digestion. Their chemical form is dependent upon the treatment 
they have received, but they are generally very low in rare earths while still 
containing the bulk of the actinides, potentially alongside transition metals 
and other materials whose recovery is not currently economically 
advantageous [168, 171-173]. A description of the main processes by which 
these residues are produced is given in Section 2.7. The separation of 
thorium from monazite residues has been studied in the literature [174, 
175].  
Separated thorium stocks are held in several nuclear-powered countries, 
with varying inventory size and material quality. The United States is known 
to hold a stockpile of 3200 tHM of separated thorium nitrate [176], and 
France holds a stockpile of 8500 tHM as nitrate and hydroxide [177]. It is 
highly likely that other countries, such as India and China, also have 
separated thorium inventories. The UK now holds only a small thorium 
inventory, being ~200 kgHM thorium oxide held at the Springfields site, 
with all other thorium materials having now been classified as wastes [61]. 
2.3.3 THORIUM RESOURCE UTILISATION SCENARIOS 
Monazite residues would be an excellent first source for thorium in the 
event of increasing demand for the metal as a nuclear fuel [178]. While 
demand for thorium is limited, it is likely that these existing residues will 
form the primary sources of thorium, followed by new monazite processing 
by-products as the availability of these stocks becomes limited. However, if 
demand for thorium were to increase significantly due to the requirements 
CHAPTER 2 INTRODUCTORY THEORY, THORIUM RESOURCES & LITERATURE REVIEW 
 
41 
 
of a developing fuel cycle, other mineral resources such as thorite would be 
more likely to be worked for the element [138].  
2.4 THORIUM FUEL CYCLE FRONT END 
In this thesis a new process for thorium concentrate purification is 
presented, concerning the decontamination of thorium from some common 
co-contaminant metals found in monazite and its residues. An impure 
thorium concentrate feed is assumed, with the goal of producing a high 
purity thorium product. A brief overview is presented here of current 
monazite processing, focussing on thorium recovery by solvent extraction. 
2.4.1 OVERVIEW OF THORIUM PRODUCTION FROM MONAZITE ORE 
Five broad stages can be considered in the processing of monazite-bearing 
crude heavy mineral sands to produce a nuclear-grade thorium product 
[107]. 
1. Extraction of suitable crude heavy mineral sands.  
2. Concentration of the monazite from the crude mineral sand (known 
as beneficiation). 
3. Conversion of the monazite concentrate to thorium concentrate. 
4. Purification of the thorium concentrate to nuclear grade. 
5. Fuel form conversion and fuel fabrication. 
A summary of the stages by which a thorium concentrate is produced is 
presented diagrammatically in Figure 2.17. 
As was outlined in Section 2.3.1.1, the two broad types of monazite 
resources are bulk rock deposits and placer sand deposits. Sand is very 
much preferred, as collection of sands with little to no overburden is much 
less expensive than rock mining [34].  
THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS 
 
42 
 
 
FIGURE 2.17 –  BLOCK FLOW DIAGRAM OVERVIEW OF THORIUM CONCENTRATE PREPARATION BY 
HYDROMETALLURGICAL ROUTE. PREPARED BASED ON INFORMATION AVAILABLE IN [142] 
The collected sand must next undergo beneficiation to separate the 
monazite from the crude mixed sand. Generally wet gravimetric separation 
is used as the first stage separation, followed by electrostatic and magnetic 
methods where necessary [179]. Alternatively, floatation separation can be 
performed using a variety of collectors, although work in this area is 
ongoing [142, 180, 181]. This produces a concentrated monazite sand, free 
from other sand components. 
2.4.2 MONAZITE CONCENTRATE LEACHING 
The next step in the production of nuclear grade thorium is the treatment of 
the monazite concentrate in order to make the thorium available for 
purification. Historically two processes were developed for this in the 
American National Laboratory system; the Sulfuric Acid Process [182, 183] 
was developed at Ames Laboratory, and the Caustic Soda Process [184, 185] 
was developed at Battelle Memorial Institute. Excellent information on the 
development of these processes during the 1940s and 1950s was published 
following the Atoms for Peace conference in 1958 [142].  
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Variations of these processes have been used since their development in the 
1950s, although sulfuric acid as a monazite leachant had been in use for 
many years prior to this for the extraction of thorium, primarily for use in 
gas mantles [186-188]. Both processes call for comminution of the monazite 
concentrate to increase its surface area, followed by aqueous leaching in 
order to produce a thorium concentrate. The leaching product is known as a 
Pregnant Liquor Solution (PLS), and contains the elements leached from the 
mineral feed. This PLS is then taken through a series of selective 
precipitation and dissolution steps to produce a thorium concentrate that 
may be purified by solvent extraction.  
These processes have been refined over time [18, 34, 180, 189-191]. Direct 
leaching with sulfuric acid is considered to be an outdated process, as no 
version of the process has been found which can separate thorium from the 
heavy lanthanide elements. Alkaline treatment with sodium hydroxide as a 
leachant is in use, remaining largely unchanged from the original Caustic 
Soda process [180, 192]. This process involves treating the finely ground 
monazite concentrate with 60-70% sodium hydroxide solution at ~150°C, 
which dissolves much of the gangue material and converts the monazite to a 
hydrous metal oxide cake containing the bulk of the thorium, uranium and 
rare earths. The mineral feed may be heat treated prior to chemical 
treatment in order to improve digestion and dissolution behaviour [193, 
194]. Following alkaline digestion the monazite hydroxide cake may be 
leached with water or acid to selectively extract the thorium, uranium and 
mixed rare earths as separate concentrates with varying degrees of purity.  
Also in use is a process which reacts monazite with calcium chloride and 
calcium carbonate at high temperature. The reaction product may be 
leached with 3% hydrochloric acid to extract the rare earth content. While 
this reaction offers good thorium separation from rare earths compared to 
the established acid and alkaline leach processes, thorium is left behind in 
the solid residue as an impure, insoluble oxide, which is highly resistant to 
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dissolution [195]. As such the calcium chloride and calcium oxide 
conversion process will not be further considered in this thesis. 
Today many industrial plants use an aqueous alkaline conversion followed 
by water/acid leaching to dissolve the monazite hydroxide cake [180]. In 
rare earth processing the rare earths tend to be selectively leached at low 
acidities, leaving the actinides in the cake, which is then dealt with as a 
radioactive waste material.  
The literature related to monazite decomposition and digestion has been 
well covered in recent reviews [139, 180], and is a subject of ongoing 
research [196]. Processes currently in use for rare earth separation include 
both sulfuric acid and sodium hydroxide leaching. However, for thorium 
separations, alkaline processing is preferred [34, 42].  
2.4.3 THORIUM CONCENTRATE PURIFICATION 
The next stage for a thorium fuel cycle is to take the thorium concentrate 
produced by the monazite leaching and purify it to the point where it may 
be converted to an appropriate chemical form for nuclear fuel fabrication.  
Commonly such a purification step is performed by a hydrometallurgical 
method, typically solvent extraction, with the final product being purified 
thorium nitrate or thorium oxalate [34, 189]. The aim of this process is to 
decontaminate the thorium concentrate by removing any co-contaminants 
which would cause deleterious effects in the reactor, by either absorbing 
neutrons required for the fission chain reaction, or by affecting the thermal, 
physical or chemical properties of the fuel itself.  
It is this stage of the front end processing which is treated in detail in this 
thesis, and so further detail on the current state-of-the-art in this area is 
given below in Section 2.8.  
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2.4.4 FUEL FORM CONVERSION 
Following purification, the thorium product may be converted to the 
required chemical form for fuel production. Currently thorium oxide, 
chloride and fluoride are being considered for development, although 
metallic thorium or other novel fuel types are not outside the scope of 
consideration [197].  
Thorium nitrate is often produced during thorium purification processes as 
a pre-cursor to it being converted to a final oxide, halide or metal form. The 
thorium hydroxide cake is dissolved in nitric acid and solvent extraction 
with TBP is used to produce a purified thorium product, similar to the 
PUREX process described in Chapter 1. Further details on this process are 
given in Section 2.7.1 below.  
Thorium oxide may be calcined directly from the nitrate, or first by 
conversion to thorium oxalate, which gives improved properties in 
filtration, drying and calcination to produce a thorium oxide powder 
product [142, 198].  
2.4.5 THORIUM OXIDE PELLET FABRICATION 
Thorium oxide fuels must finally be fabricated into solid fuel pellets prior to 
assembly, which may be achieved by sintering a compressed powder pellet. 
Fuel pellet density is a key parameter which must be optimised in order to 
give the best reactor performance [20]. The sinterability of the thorium 
oxide powder is dependent on the process by which it was produced [129, 
198].  
2.5 THORIUM FUEL CYCLE BACK END 
The back end of the thorium fuel cycle is largely akin to the back end of the 
uranium fuel cycle, with the key distinction being in the motivation for why 
the fuel may or may not be reprocessed. If the fuel cycle is closed, it is 
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usually to recover the uranium in order to reuse the 233U, generally to 
produce a 233U-Th “equilibrium” fuel. The thorium may also be recovered in 
order to minimise the requirement for fresh thorium [104, 199, 200]. The 
main proposed method for thorium fuel reprocessing is the Acid THOREX 
process, which is described in Section 2.7.1 [104, 201, 202]. Other solvent 
extraction processes may be able to give better separation of thorium 
and/or uranium from other components. However, recent separations 
studies for thorium reprocessing applications are limited in the scientific 
literature. Instead, the great majority of publications are related to the fuel 
cycle front end. However, once the spent fuel has been rendered into 
aqueous solution, there is little chemical difference between this solution 
and the pregnant leachate solution from minerals processing. As such, the 
literature related to front end processing is also useful when considering the 
back end, and vice versa. Therefore, the literature review of thorium solvent 
extraction studies presented in Section 2.8 below may be considered to be 
applicable both for the front end and the back end. The major difference 
between the two applications is the presence of a strong radiation field in 
the back end, which would need to be considered during the development of 
any reprocessing system. 
If an open fuel cycle is preferred, this is usually for reasons for economics or 
non-proliferation [121]. Directly disposing of thorium fuel means that the 
233U is disposed alongside its 232U, 232Th and highly active fission 
products/minor actinides. This eliminates the high costs associated with 
reprocessing, while making it more difficult for a would-be proliferator to 
acquire and separate the fissile material [109, 116]. 
2.6 PRINCIPLES OF SOLVENT EXTRACTION 
Full details on solvent extraction systems are provided in the literature [74-
77, 79, 123, 203]. In solvent extraction systems, two immiscible solutions 
are dispersed into one another to give a large contact surface area between 
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them. The solutions are known in solvent extraction as phases. One phase, 
usually aqueous, will contain one or more target solutes and potentially 
some unwanted material such as contaminants. The second phase will be, or 
contain, an extractant which forms complexes with some of the solutes. This 
second phase is often termed the solvent, or organic phase, as many 
common extractants are organic materials, and tend to be dissolved in a 
non-polar organic solvent known as a diluent. Species from each phase react 
and bind to form new complexes which are extracted.  
Individual complexes have different preferences for each phase, distributing 
to some level across the two phases. The degree of distribution across the 
phases of a given species is often expressed as a distribution ratio, as 
expressed in Equation (2.8) [77].  
 
𝐷𝑀 =
[?̅?]
[𝑀]
×
𝑉𝑎𝑞
𝑉𝑜𝑟𝑔
 (2.8) 
 
Where 𝐷𝑀 is the distribution ratio of species M, 
 [?̅?]  is the concentration of M in the organic phase, 
 [𝑀]  is the concentration of M in the aqueous phase, 
 𝑉𝑎𝑞 is the volume of the aqueous phase, and 
 𝑉𝑜𝑟𝑔 is the volume of the organic phase. 
As such, for equal volumes of the aqueous and organic phase, an extracted 
species will have 𝐷𝑀 > 1, while a rejected species will have 𝐷𝑀 < 1. In 
addition, the separation factor for two metals 𝛼𝑀,𝑀′  is defined in Equation 
(2.9) [77].  
 
𝛼𝑀,𝑀′ =
𝐷𝑀
𝐷𝑀′
 (2.9) 
 
𝐷𝑀 may be controlled by careful selection of the contact conditions and 
phase chemistry. Generally systems are designed such that complexes 
comprising the target solutes and the extractant will be partitioned into the 
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organic phase, while any unwanted materials will be left behind in the 
aqueous phase [74, 76]. 
After a suitable time in contact, the phases are separated, and the organic 
phase containing the target ion(s) may then be contacted with another 
phase, known as the back-extraction or stripping phase. The contact time is 
determined by the kinetics of complex formation and phase separation, and 
the thermodynamic endpoint of the complexation reaction where the 
complex is in equilibrium with the free extractant and target solute [77]. 
This adjusts the conditions such that formation of the solute-extractant 
complex is no longer favoured, and the target solute is recovered into the 
stripping phase. In a well-designed system the contaminants and other 
solutes will have either remained in the aqueous phase, or not been stripped 
from the organic phase, leaving the purified target solute(s) in the stripping 
phase.  
If required the loaded organic phase may be contacted with a “scrub” 
solution prior to back-extraction. This solution retains the target solutes in 
the organic phase, but should collect any unwanted material which must be 
removed prior to back-extraction of the target solutes. 
An example of a solvent extraction process used in the nuclear industry is 
given below. 
2.6.1 SOLVENT EXTRACTION EXAMPLE: THE PUREX PROCESS 
Solvent extraction is a process which is used regularly in the nuclear 
industry in uranic spent fuel reprocessing, in the PUREX (Plutonium-
Uranium Redox Extraction) Process [15, 75]. The PUREX process takes a 
feed of spent uranic nuclear fuel and produces three aqueous product 
streams of separated uranium, separated plutonium, and a mixed stream of 
fission products and minor actinides. Spent nuclear fuel is dissolved in 
strong nitric acid and then mixed with a solution of 30% tributyl phosphate 
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(TBP), termed the extractant, in an odourless kerosene diluent. The organic 
phase is hydrophobic, and so mechanical force is applied to disperse the 
organic and aqueous phases into one another, maximising the interfacial 
surface area between the phases during the contact period. After mixing, the 
two phases settle and separate, with the organic phase collecting on top of 
the aqueous phase [204, 205].  
The distribution ratios for tetravalent and hexavalent uranium, plutonium 
and thorium as a function of nitric acid concentration are presented in 
Figure 2.18. The system redox conditions are set such that uranium exists in 
as U(VI) and plutonium as Pu(IV). It can be seen in Figure 2.18 that these 
ions preferentially form hydrophobic nitrate complexes with TBP at high 
acid concentration, which are partitioned into the organic phase. The 
unwanted fission products and transuranic elements do not form strongly 
extracted complexes with the TBP, and remain in the aqueous phase. 
 
FIGURE 2.18 –  DISTRIBUTION RATIOS FOR TETRAVALENT AND HEXAVALENT URANIUM , 
NEPTUNIUM AND PLUTONIUM AS A FUNCTION OF NITRIC ACID CONCENTRATION WITH 30% TBP 
IN ODOURLESS KEROSENE DILUENT. IMAGE REPRODUCED FROM DATA PUBLISHED IN [70]. 
The organic phase, loaded with U and Pu, is then contacted with a scrubbing 
solution, specifically fresh nitric acid without metals in solution, to which 
any fission products or minor actinides in the organic phase are returned. 
The scrubbed organic phase is then sequentially contacted with two back-
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extraction, or “stripping”, media, each of which induce conditions such that 
one of the actinide complexes is no longer favoured, and the metal is 
selectively returned to the stripping medium. In the case of PUREX, the first 
stripping medium is ferrous sulfamate solution, which selectively reduces 
Pu(IV) to Pu(III). Trivalent Pu does not form an extractable TBP complex, 
and is rejected to the aqueous phase [70, 77]. U(VI) is then stripped with 
dilute nitric acid. The organic phase is finally stripped of all remaining 
metals and refreshed for reuse. Gradually the organic phase undergoes 
radiolytic damage and the TBP breaks down. TBP degradation products are 
removed during the solvent recycling circuit. 
A diagram showing the key elements of the process is shown in Figure 2.19, 
with accompanying notes in Table 2.3. At-scale, the process is run 
continuously, in counter-current mixer-settlers or pulsed columns [75, 77]. 
However, for clarity it is presented here as a batch process in separatory 
funnels, as it might be performed in a laboratory. 
Other solvent extraction processes have different target metals and 
contaminants, and use many different aqueous media, extractants, and 
diluents, as well as additional chemicals to perform functions such as the 
prevention of phase separation or plant equipment corrosion.  
2.7 HISTORICAL THORIUM PURIFICATION PROCESSES 
The purification of thorium concentrates was first carried out by solvent 
extraction in the 1950s, using extraction chemistry similar to that of the 
PUREX process. This process, known as Acid THOREX (THORium 
EXtraction), was originally designed for use in the back end of the fuel cycle 
for aqueous reprocessing of thorium fuels [104]. However, the Acid THOREX 
process is known to be currently in use for front end thorium purification 
from monazite residues [206]. Also developed at the time was the Interim-
23 Process [202]. 
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Solvent extraction is already well developed in the nuclear industry, and to 
switch to other processes, particularly non-aqueous processes, would be 
very difficult. The nuclear industry is very conservative, and does not adopt 
new processes easily. It is hoped that this work can supply an advantageous 
process chemistry for thorium separations, while retaining technologically 
mature approaches based on well-known and readily available extraction 
media. 
Having said this, interesting developments in the application of solvent 
extraction chemistry are ongoing beyond traditional two-phase methods for 
thorium and uranium separation. Supported Liquid Membrane (SLM) 
methods offer advantages in meeting some of the difficulties of solvent 
extraction processes [207]. Supercritical fluid extraction and stripping is 
also under consideration [208, 209]. These advanced variations in solvent 
extraction methods are developing, and may form the basis of actinide 
separations processes in the future. However, in this thesis only traditional 
solvent extraction methods are considered in detail. 
2.7.1 THE ACID THOREX PROCESS 
In the back end application of the Acid THOREX Process, thorium and 
uranium are co-extracted from a dissolved spent fuel feed in strong nitric 
acid by 30-45% TBP in n-dodecane or n-paraffin, leaving fission products 
behind. The actinides are then separated by selective back-extraction using 
approximately 0.2 M nitric acid for thorium back-extraction, followed by 
0.05 M nitric acid for uranium back-extraction, producing a thorium nitrate 
solution from which a thorium nitrate product may be precipitated. The 
distribution ratio for uranium extraction from 5 M nitric acid solutions by 
various concentrations of TBP in n-dodecane is presented in Figure 2.20. 
Versions of the process also exist where low TBP fractions (3-8%) are 
employed, selectively extracting uranium and leaving thorium in the 
aqueous raffinate [104, 210, 211]. 
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FIGURE 2.19 –  KEY STAGES OF THE PUREX PROCESS, REPRESENTED IN SEPARATORY FUNNELS. 
THE TBP IN KEROSENE ORGANIC PHASE (YELLOW) IS LIGHTER THAN THE NITRIC ACID AQUEOUS 
PHASE (BLUE), AND SITS ABOVE IT WHEN NOT UNDERGOING AGITATION TO CONTACT THE 
PHASES. FP = FISSION PRODUCTS; MA = MINOR ACTINIDES. SEE ACCOMPANYING NOTES IN 
TABLE 2.3 BELOW  
 
CHAPTER 2 INTRODUCTORY THEORY, THORIUM RESOURCES & LITERATURE REVIEW 
 
53 
 
TABLE 2.3 –  ACCOMPANYING NOTES FOR FIGURE 2.19. BETWEEN EACH STEP ARE INCLUDED 
NOTES ON HOW TO PROCEED TO THE FOLLOWING STEP. 
# AQUEOUS PHASE ORGANIC PHASE STATUS OF PROCESS 
1 
Spent fuel feed – 
nitric acid with U, Pu, 
FP+MA. 
TBP in kerosene, no 
metals. 
Before extraction 
contact. 
 Perform phase contact by agitating and allow to settle. 
2 
Bulk of FP+MA in feed 
nitric acid. 
Bulk of U and Pu 
complexed with TBP. 
Some FP/MA. 
After extraction 
contact, but before 
scrubbing contact. 
 Remove aqueous phase. Contact with “fresh” nitric acid to scrub. 
3 
Back extracted FP & 
MA in “fresh” nitric 
acid strip solution. 
Actinide-TBP 
complexes in 
kerosene diluent. 
After scrubbing 
contact, before Pu 
stripping contact. 
 Remove scrub acid. Add ferrous sulfamate in nitric acid as aqueous. 
4 
Pu(III) stripped into 
ferrous sulfamate 
solution. 
Uranium-TBP 
complexes in 
kerosene diluent. 
After Pu stripping 
contact, before U 
stripping contact. 
 Remove aqueous phase containing Pu(III). Add dilute nitric acid. 
5 
U(VI) stripped into 
dilute nitric acid. 
Slight remainder of 
metals for clean-up 
prior to recycle. 
After U stripping 
contact, prior to 
solvent recycling. 
 Clean up organic phase and reuse. 
 
Thorium is not particularly well extracted by TBP even at high acid 
concentrations, but under the correct conditions can be extracted 
sufficiently for the process [201, 202, 212]. Third phase formation is also an 
issue at high thorium loadings [80]. Third phases in solvent extraction are 
distinct phases which form during the solvent extraction contact, often due 
to a splitting of the organic phase into two parts, one of which is rich in 
diluent and the other of which is depleted in diluent, being a heavier organic 
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phase comprised of the extracted metal ligand complex. This is due to the 
organic diluent in the light organic phase reaching its solubility limit for the 
metal ligand complex, meaning that any additional complex forms a third 
phase [77]. 
In spite of these issues the process has been used historically for thorium 
separations in the USA and the UK, and is in use elsewhere today [104]. 
Perhaps the main reason for this is that the process can be run on lightly 
modified PUREX plants, and as such a good amount of relevant operational 
experience exists. A number of variations to the core process have been 
proposed and are in use at various scales around the world. Significant 
detail on the Acid THOREX process is given in various sources [104, 201, 
202]. 
 
FIGURE 2.20 –  EFFECT OF TBP CONCENTRATION IN ORGANIC PHASE ON THORIUM EXTRACTION 
FROM 5 M HNO3 WITH 8 g/l  PHOSPHATE AND 9.5 g/l  SULPHATE IONS. Y-AXIS CORRECTED TO 
A DILUENT-FREE BASIS. IMAGE REPRODUCED BASED ON DATA PUBLISHED IN [142]. 
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2.7.2 THE INTERIM-23 PROCESS 
The Interim-23 Process was designed for spent fuel processing and recovers 
uranium only, leaving thorium in the aqueous raffinate, which was deemed 
desirable due to the highly active 228Th decay daughter 208Tl [213]. This is 
useful in a thorium fuel cycle to separate 233U where thorium would not be 
recycled. The Interim-23 Process and related systems are therefore 
unsuitable for thorium recovery.  
In the process either di-sec-butyl phenyl phosphonate in di-ethyl-benzene 
or low concentration TBP in n-dodecane are used as extractants against a 
nitrate feed, with an acid deficient scrub used to return thorium to the 
aqueous raffinate [202, 213].  
2.8 SOLVENT EXTRACTION OF THORIUM 
Much research has been carried out into alternative separations schemes for 
thorium. For the fuel cycle front end, solvent extraction schemes are the 
most often reported in the recently published scientific literature, followed 
by ion exchange approaches. Historically there is much data on selective 
precipitation/dissolution approaches, although advances in this area are 
now less often reported. 
The first solvent extraction separations for thorium used tributyl phosphate 
in kerosene as the organic phase [142]. Since then many other extractants 
have been developed and investigated, with ongoing research being 
published into both existing extractants under new conditions as well as 
newly synthesised novel extractants. In this section the range of extractants 
tested for thorium separations in solvent extraction systems is reviewed.  
In the development of extraction processes, much research effort is focussed 
on the development of new extractant chemicals capable of performing 
highly selective extraction of specific metals. However, there exist already 
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numerous extractants capable of performing metal separations with varying 
degrees of success which have not been fully investigated.  
Mixtures of multiple extractants may be used to achieve synergic effects. 
The definition of synergism in solvent extraction is that greater extraction is 
given by a mixture of extractants than is achieved by the sum of the 
extractants working individually under similar conditions [214]. Synergism 
is most commonly observed with mixtures of chelating extractants and 
solvating extractants, and is thought to be due to the solvating extractant 
increasing the hydrophobicity of the metal ligand complex compared to the 
complex formed by the chelating ligand alone [214, 215]. This can occur 
through three mechanisms: 
 The chelating extractant alone does not fill all metal coordination 
sites, some of which are occupied by hydration water. The solvating 
extractant fills these remaining sites. 
 The solvating extractant opens up one or more of the chelate binding 
site rings and binds to these sites instead, increasing the number of 
bound extractant ligands. 
 The metal coordination sphere does not change its hydration 
number, but expands to accept the solvating extractant. 
Synergic effects are a subject of particular interest in this thesis, as 
combinations of well-established extractants may give improved extraction 
behaviour without the requirement for novel extractants. Synergic mixtures 
can give improved extraction compared to the individual extractants, with a 
relatively minor increase in cost and system complexity, while the 
development of a new extractant from scratch requires a long process of 
basic research and development into the nature and synthesis of the 
extractant and the possibility of novel and/or challenging extraction 
conditions. 
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The opposite of synergism is antagonism, where the extraction is less than 
the sum of the extraction given by the individual extractants. Antagonism is 
often due to extractants preferentially binding to one another rather than 
forming an extracted hydrophobic metal complex. 
In the remainder of this section, a wide range of previously studied 
extractants for thorium are presented. It is necessary to understand how 
well the system separates thorium from other metals. In this case these 
other metals would include the rare earth elements and uranium from 
monazite, as well as any other elements in the monazite or thorium 
concentrate. The behaviour of other metals is not discussed here for the 
sake of brevity, however, the references cited here most often do consider 
separation of uranium and/or rare earth elements. The purification of 
uranium and individual rare earth elements are topics which receive much 
attention in the literature [42, 139, 180, 216-222].  
2.8.1 SOLVENT EXTRACTION MECHANISMS 
Extractants and extraction conditions are usually chosen in order to 
separate specific target ions with a high degree of selectivity. Hydrophobic 
metal-extractant complexes may form through a number of mechanisms, 
which are well-detailed in a variety of sources [74, 76, 77, 79]. Indicative 
interfacial reactions for the three key extraction mechanisms seen in this 
thesis are given in Table 2.4.  
TABLE 2.4 –  BIPHASIC EXTRACTION EQUILIBRIA OF THREE KEY COMPLEXATION MECHANISMS 
[76]. 
MECHANISM INDICATIVE COMPLEXATION REACTION 
Cation exchange M𝑐+ + 𝑛HL̅̅ ̅̅ ⇄ ML𝑛̅̅ ̅̅ ̅̅ + 𝑐H
+ 
Anion exchange M𝑐+ + 𝑐X− + A+X−̅̅ ̅̅ ̅̅ ̅ ⇄ MX𝑐+1𝐴̅̅ ̅̅ ̅̅ ̅̅ ̅̅  
Solvation M𝑐+ + 𝑐X− + 𝑛𝑆̅ ⇄ MX𝑐𝑆𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅ 
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In general, acidic extractants are cation exchangers, which exchange protons 
for metallic cations. The most common anion exchangers for thorium 
extraction are amine extractants, which form complexes with negatively 
charged metallic species. Solvating extractants form neutral adducts with 
charge neutral metallic species. 
A special class of extraction reagents are chelating reagents, which are 
polydentate extractants which bind to multiple sites on the target ion, and as 
such generally form very strong complexes.  
In the following sections, the previous literature related to thorium 
extraction is discussed.  
2.8.2 TRIBUTYL PHOSPHATE EXTRACTION 
TBP is a solvating extractant, which forms hydrophobic neutral adducts with 
uranium(VI), thorium(IV) and plutonium(IV). Tri-n-butyl phosphate 
remains a very commonly used extractant today, despite it being first 
developed in the 1940s and 50s [81, 82, 142, 223-225]. TBP is a phosphate 
ester, the general formula of which is P(=O)(OR)3. As was discussed in 
Section 2.7.1, TBP does not complex thorium particularly well. It is also 
relatively soluble in water, and there is a possibility of third phase formation 
due to the limited solubility of the extracted Th(NO3)4.TBP adduct in the 
organic diluent and the low stability constant of the thorium TBP complex 
[211]. Extractions from iodide and bromide media have also been studied 
[226]. 
Other phosphate esters have been investigated in an attempt to address the 
limitations of TBP. Tri-sec-butyl phosphate has been found to give better 
thorium separation from uranium and a reduced tendency to third phase 
formation compared to TBP [211]. Tri-isobutyl phosphate, tri-n-amyl 
phosphate, tri-isoamyl phosphate and tri-n-hexyl phosphate have also been 
investigated. Branched alkyl chains were found to have little effect on 
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thorium complex solubility, but increasing the length of the alkyl chain was 
found to greatly reduce tendency to third phase formation [227]. 
The addition of aliphatic alcohols or mixed halides to the aqueous media 
have been found to affect TBP extraction [228]. The effect of diluent has also 
been studied, with kerosene found to perform better than a range of other 
hydrocarbon diluents [229].  
TBP is still undergoing research, although this is more into operational 
considerations rather than the extraction chemistry [230, 231]. Work is also 
ongoing into the use of TBP in synergic systems with other extractants. As a 
solvating extractant it is often paired with acidic cation exchange extractants 
to give synergic extraction. Further detail on such systems is given below. 
2.8.3 PHOSPHINE OXIDES 
In the mid-1950s, work was undertaken into phosphine oxides [232, 233], 
another solvation extractant family with general formula P(=O)R3. The most 
commonly used of these is trioctyl phosphine oxide (TOPO), named 
commercially as Cyanex 921. There also exists Cyanex 923, a mixture of 
TOPO and trihexyl phosphine oxide (THPO). See Section 2.8.4.3 for further 
detail on the Cyanex family of extractants. 
TOPO has been found to give better extraction of thorium from nitric and 
hydrochloric acid solutions than TBP [234-236]. TOPO has also been 
investigated in an SLM system, and was found to slightly extract thorium 
from nitrate media, back extracting into carbonate media [237]. Cyanex 923 
has also been found to give good extraction of thorium in an SLM system 
from hydrochloric acid into ammonium carbonate solution [238]. Cyanex 
923 gives good thorium extraction from concentrated sulfuric acid solutions 
[239]. 
Carbamoyl methyl phosphine oxides (CMPO) have also been investigated. 
Such extractants have been proposed for addition to the PUREX process in 
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order to extract transuranium elements from spent nuclear fuel [71]. 
Octyl(phenyl)-N,N-diisobutyl carbamoyl methyl phosphine oxide 
(OΦCMPO) has been investigated for thorium extraction from nitric acid, 
particularly third phase formation in this system [240], and as part of an 
SLM system [205]. 
2.8.4 PHOSPHOROUS ACIDS 
Phosphorous acid extractants have the general formula X2P(=O)(OH), where 
X represents alkyl, oxalkyl or other moieties. They can be subgrouped as 
phosphoric acids (RO)2P(=O)(OH), phosphonic acids (RO)RP(=O)(OH) and 
phosphinic acids R2P(=O)(OH). The extraction mechanism for phosphorous 
acids is cation exchange, where the metal cation exchanges for the acid 
proton. The extractant basicity increases in the order phosphoric < 
phosphonic < phosphinic, due to the decreasing electronegativity brought 
by the reduced number of oxygen atoms in the phosphonic/phosphinic acid, 
thus strengthening the OH bond in the molecule. 
2.8.4.1 PHOSPHORIC ACID EXTRACTANTS 
In the late 1950s work began into the study of dialkyl phosphoric acid 
extractants for actinide separations [241, 242]. Of these the most reported 
in the literature today is di-(2-ethylhexyl) phosphoric acid (HDEHP, DEHPA 
or D2EHPA), also named as TOPS 99 and P204. 
HDEHP extracts thorium well from sulfate media [86, 87, 193, 239], chloride 
media [87, 88] and nitrate media [243]. From sulfate media the best 
extraction is given by petroleum ether as diluent [86]. In another study 
HDEHP was found to extract thorium moderately under a range of 
conditions [244]. The effects of mixed acid media and water-soluble alcohols 
in the aqueous phase on thorium extraction by HDEHP have also been 
investigated, and these factors were found to strongly influence the 
extraction behaviour [87, 228]. Extractions from bromide and iodide media 
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have also been studied by HDEHP [226]. Mixtures of HDEHP and TOPO have 
been found to give slight synergism in chloride media [245]. Mixtures of 
HDEHP and Cyanex 923 have been found to extract thorium from sulfate 
media [239]. An SLM system using HDEHP has been studied, using an 
electric current to drive the extraction [246]. 
Other phosphoric acid extractants have also been studied. Bis para-
octylphenyl phosphoric acid (HDOΦP) extracts thorium well from chloride 
media [247]. The interfacial behaviour of di-n-octyl phosphoric acid (HDOP), 
bis(2,2-dimethylbexyl)phosphoric acid (HDNOP), bis(hexoxyethyl) 
phosphoric acid (HDHoEP) and bis(diisobutylmethyl) phosphoric acid 
(HD(DIBM)P) have been studied, and it is suggested that some of these may 
be used as extractants for thorium [248].  
The extraction of thorium from nitrate media by bis(4-ethylcyclohexyl) 
hydrogen phosphate (D4ECHPA) and bis(4-cyclohexyl-cyclohexyl) hydrogen 
phosphate (D4DCHPA) were also investigated. These were found to give 
consistently higher extraction than HDEHP [243]. 
Di(1-methylheptyl) methyl phosphate, also known as P350, was found to 
give poor thorium extraction from hydrochloric acid media [249].  
2.8.4.2 PHOSPHONIC ACID EXTRACTANTS 
The study of phosphonic acids and phosphonate extractants also began in 
the late 1950s [250]. The most commonly reported of these in the literature 
is 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester, known as PC-88a, 
and this extractant is used today for industrial thorium separations in India, 
in the THRUST process (Thorium Retrieval, Uranium Recovery and 
Restorage of Thorium Oxalate), which is shown in a block flow diagram in 
Figure 2.21. It can be seen in Figure 2.21 that a step is required prior to 
thorium extraction to separate uranium and iron. 
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Other acronyms for this extractant are HEHEHP and EHEHPA, and 
commercial names include P507 and Ionquest 801. In this work the 
extractant is referred to as PC-88a. 
 
FIGURE 2.21 –  THE THRUST  PROCESS, USED IN INDIA TO RECOVER THORIUM, URANIUM AND 
RARE EARTH ELEMENTS FROM MONAZITE [34]. 
PC-88a has been investigated as an extractant for monazite separations 
from chloride media [221, 251, 252]. Extractions of thorium from nitrate 
media [84, 85, 236, 253] and sulfate media [254, 255] have also been 
studied. Stripping of thorium from PC-88a with sulfuric, nitric and 
hydrochloric acids found that sulfuric acid stripping was the most effective 
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[83]. Mixtures of PC-88a and Cyanex 923 give slight thorium extraction 
[239]. 
2-ethylhexyl phenylphosponic acid HEHΦP has been found to extract 
thorium from nitric acid media [256, 257].  
Two other phosphonates which have been studied are diamylbutyl 
phosphonate (DABP) and diamylamyl phoshonate (DAAP), which have been 
compared with TBP [258]. Di(1-methyl-heptyl) methyl phosphonate 
(DMHMP) was found to extract thorium well from nitrate media, giving good 
separation against uranium as compared to TBP [259].  
Dibutylpropyl phosphonate (DBPrP) and Dibutylpentyl phosphonate 
(DBPeP) have also been studied for thorium separations from nitrate media, 
and found to perform better than TBP [260].  
Thorium is extracted with slight synergism from HCl by mixtures of HDEHP 
and di-(2-ethylhexyl) 2-ethylhexyl phosphonate (DEHEHP) [245].  
2.8.4.3 PHOSPHINIC ACID EXTRACTANTS 
The most basic of the phosphorous extractants are the phosphinic acids. A 
number of commercial phosphinic acid extractants are produced by Cytec 
under the trade name Cyanex, and these are commonly studied in the 
literature [261].  
Cyanex 272 (bis(2,4,4-trimethylpentyl) phosphinic acid) was found to be a 
poor thorium extractant from low concentrations of HCl, but the extraction 
could be improved by combination with PC-88a [252]. Extraction with 
Cyanex 272 is also poor from sulfate media, but is very strong from nitrate 
media [86, 244, 254, 262, 263]. TBP and TOPO were found to greatly 
increase thorium extraction with Cyanex 272 from nitrate media [264]. 
Mixtures of Cyanex 272 and Cyanex 923 give slight extraction of thorium 
[239]. Also investigated were mixtures of Cyanex 272 and TBP [265]. 
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2.8.5 CARBOXYLIC ACID EXTRACTANTS 
Carboxylic acids are another example of cation exchange extractant. They 
have received much less attention in thorium separations than phosphorous 
based extractants. One of the major problems with such extractants is their 
relatively high solubility in aqueous media, resulting in solvent loss and 
reduced extraction of the target metal [86].   
The use of oleic, palmitic and lauric acids was investigated for thorium 
extraction from nitrate media, and these were found to load large amounts 
of thorium per gram of extractant, although thorium was not partitioned 
particularly strongly into the organic phase [266]. 
The addition of phosphoryl groups to carboxylic extractants for thorium 
extraction has also been studied [267]. Carboxyl groups often form a part of 
complex extractants, some of which will be detailed below. 
2.8.6 SULFUR-BASED EXTRACTANTS 
Sulfur based extractants have also been investigated for thorium 
separations, either as sulfoxides or sulfonic acids, to replace phosphine 
oxides and phosphonic acids respectively.  
2.8.6.1 SULFOXIDE EXTRACTANTS 
Sulphoxide extractants function by a solvation mechanism. Dipentyl 
sulfoxide (DPSO) has been found to give strong thorium extraction from 
concentrated hydrochloric acid media [268]. However, DPSO, diphenyl 
sulphoxide (DPhSO) and di-n-octyl sulphoxide (DOSO) were not found to 
give greater extraction than TBP, either alone or in combination [269]. 
Dihexyl sulfoxide (DHSO) was found to be a poor thorium extractant from 
hydrochloric acid, although the addition of lithium chloride improved 
extraction [235]. Petroleum sulfoxides likewise gave poor thorium 
extraction [270]. 
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Five sulfoxides were compared to TBP and found to give broadly 
comparable thorium extraction to TBP from nitrate media. These were Di(2-
ethylhexyl) sulfoxide (DEHSO), Di(1-methylheptyl) sulfoxide (DMHpSO), 2-
ethyl hexyl-p-methylphenyl sulfoxide (EHMPSO), n-dodecyl p-methylphenyl 
sulfoxide (DpEPSO) and Di(p-methylphenyl) sulfoxide (DEPSO) [271]. 
2.8.6.2 SULFONIC ACID EXTRACTANTS 
Aryl sulfonic acids are another type of sulfur-based extractant which has 
received some attention for use with thorium. These extractants function by 
cation exchange [256]. 
Dinonyl naphthalene sulfonic acid HDNNS very slightly extracts thorium, 
although the mixture with HEHΦP gives strong synergic extraction [256, 
257]. HDNNS is more commonly used for magnesium extraction, under the 
trade name Synex 1051 [261]. 
The sulfonic acid extractant (2-[(2-arsenophenyl)-azo]-1,8-dihydroxy-7-
[(2,4,6-tribromophenyl)azo]-naphthalene-3,6-disulfonic acid) has been 
studied for thorium extraction from monazite components by capillary 
electrophoresis [272]. Also studied for thorium separation was 2-carboxy-
2'-hydroxy-3',5'-demethylazobenzene-4-sulphonic acid [273].  
2.8.7 THIOPHOSPHOROUS ACID EXTRACTANTS 
Sulfur and phosphorous combine in thiophosphorous extractants, which are 
cation exchangers. Cyanex 272 has two thiophosphorous analogues. Cyanex 
301 is bis(2,4,4-trimethylpentyl)dithiophosphinic acid, and Cyanex 302 is 
bis(2,4,4-trimethylpentyl) monothiophosphonic acid.  
On average, across a range of extraction conditions, Cyanex 302 was found 
to extract thorium less well than Cyanex 272 [262]. A Taguchi analysis was 
carried out on the two thiophosphorous Cyanex reagents and TBP, 
extracting from HCl, HNO3 and H2SO4 media, and it was found that Cyanex 
302 was a good extractant for thorium at a range of acidities in all studied 
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aqueous media [263]. Mixtures of Cyanex 272 and 302 were found to give 
greater extraction than Cyanex 272 alone from nitrate media, although 
extraction was less favourable than mixtures of Cyanex 272 and TOPO [264].  
A variety of Cyanex 272, 301 and 302, and PC-88a combinations have been 
tested for thorium extraction from hydrochloric acid media [252]. The 
thiophosphonic acid extractants are less efficient than Cyanex 272 or PC-88a 
in nitric acid media, but more efficient in sulphuric acid media. Cyanex 301 
and 302 give synergism when mixed with TBP or DOSO [254].  
2.8.8 AMINE EXTRACTANTS 
The above described acidic extractants function by a cation exchange 
mechanism. A large number of basic amine extractants exist also, which 
function by anion exchange. They may be classified by the number of 
substituents around the nitrogen centre. 
Amine extraction for thorium dates again from the 1950s, when it was 
applied to the sulfuric acid digested monazite in the AMEX (Amine 
Extraction) process. Early research into a variety of amine extractants 
showed that primary amines are the strongest thorium extractants from 
sulfate media [274].  
One of the main perceived advantages of amine extractants is that they can 
be completely decomposed at high temperatures, unlike phosphorous or 
sulfur extractants, leaving no solid/liquid nuclear wastes requiring 
management. This is due to their being composed of only of carbon, 
hydrogen, oxygen and nitrogen, and is known as the CHON principle [275, 
276]. 
2.8.8.1 PRIMARY AMINES 
Branched primary amine extractants generally give strong thorium 
extraction [274]. The tri-alkyl-methylamine extractant Primene JM-T 
(CH)3C(CH2C(CH3)2)4NH2 is a relatively commonly used primary amine 
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extractant [277]. Extraction of thorium from citric acid media with Primene 
JM-T has been investigated [278].  
The primary amine N1923 (NH2CHR2 where R = C8-C10 [279]), has been 
found to give good thorium extraction from nitrate media [280] and sulfate 
media [281]. 
Octylamine and the branched tert-octylamine were found to give 
comparable extraction kinetics in sulfate media to HDEHP and Cyanex 272. 
These amines extracted almost no thorium from sulphate media at pH 1, but 
extraction was >90% at pH 1.5 [86].  
2.8.8.2 SECONDARY AMINES 
Secondary amines may give slight or strong extraction of thorium according 
to the degree of alkyl branching. Generally speaking, as the branching 
approaches closer to the nitrogen centre, the strength of extraction reduces 
[274]. Comparatively little research has been carried out into secondary 
amines.  
Amberlite LA-1 (dodecanyl-trialkylmethylamine) was found to give poor 
thorium extraction from hydrochloric acid media [282]. Di-n-octylamine 
(DNOA) and di-(tridecyl)amine (DTDA) were found to give strong thorium 
extraction from dilute sulfuric acid solutions [283].  
2.8.8.3 TERTIARY AMINES 
Tertiary amines are the most studied sub-group in the literature. A variety 
of commercial extractants are sold under the brand Alamine, particularly 
Alamine-308 (triisooctylamine), Alamine-310 (triisodecylamine) and 
Alamine-336 (a mixture of the above). A Chinese variant of Alamine-336 is 
known as N235 [231, 249]. 
Alamine-336 extraction is often reported in the literature. Thorium has been 
found to be well extracted from strong lithium chloride solutions at low 
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acidity by Alamine-336 in cyclohexane. Higher ionic strength is required if 
bromide were used instead of chloride in order to achieve the same 
extraction efficiency [284]. Other studies have also found thorium to be 
poorly extracted by Alamine-336 from strong HCl solutions [285, 286]. 
Strong nitric acid solutions however give good extraction [286]. Cyanex 301 
and 302 have been found to give strong antagonism in combination with 
Alamine-310 from hydrochloric acid solutions [252].  
Tri(iso-octyl)amine (TOA) in xylene was found to give poor extraction of 
thorium from hydrochloric acid media [287-289], with slightly stronger 
extraction given by nitric acid, and slightly weaker extraction by sulfuric 
acid [289]. Some small amount of extraction was observed from sulfuric 
acid, but scrubbing was able to remove this in a small number of contacts 
[290]. Strong extraction of thorium was observed from citric acid media, 
with weaker extraction from oxalic acid [291]. Across a range of acids and 
acid concentrations extraction of thorium by TOA was comparable to 
extraction by TBP [212]. A patent has protected the separation of thorium 
by mixtures of TOA and TBP from hydrochloric acid media, finding that 
thorium was not well extracted [231].  
A number of other tertiary amines have been investigated for extraction of 
thorium from citric and oxalic acids. Tri-n-propyl amine was found not to 
extract thorium from either. Tri-n-dodecyl amine was found to give similar 
extraction behaviour to TOA. An Alamine reagent (number not specified) 
gave less extraction from citric acid than TOA, but extracted thorium 
completely from oxalic acid [291].  
2.8.8.4 QUATERNARY AMMONIUM SALTS 
A number of quaternary ammonium salts have been investigated, although 
of these the most commonly reported in the literature is Aliquat-336, 
tricaprylmethylammonium chloride. As anion exchangers, quaternary 
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ammonium salts commonly extract thorium as a metal nitrate, chloride, 
sulfate or other anion species. 
In general, across a range of aqueous media, Aliquat-336 was found to 
extract thorium more strongly than TBP or TOA [212]. Aliquat-336 was 
found to give complete thorium extraction from oxalic acid, and variable 
extraction from citric acid, with greatest extraction at the lowest acid 
concentration [291]. Aliquat-336 also extracts thorium strongly from 
solutions of sodium succinate [292]. The extraction of thorium from alkaline 
digested monazite cake dissolved in nitric acid with Aliquat-336 has been 
studied, and it was found that thorium is extracted strongly, while the 
trivalent rare earths are extracted poorly and uranium distributes between 
the organic and aqueous phases [293].  
Recently work has been carried out into solutions of phosphinated 
quaternary ammonium salts. Thorium was not well extracted from nitrate 
media by methyl-trioctyl-ammonium dialkyl-phosphinate in toluene [294]. 
2.8.8.5 ANILINE EXTRACTANTS 
Anilines are a type of aromatic amine where one of the hydrogens is 
replaced by a phenyl group, thus giving an extractant with a mixture of 
phenyl and amino groups. Slow, incomplete extraction of thorium was 
observed by n-methylaniline (a secondary amine) and n,n-dimethylaniline 
(a tertiary amine) from sulfate media [86]. Better extraction was given by 
octylamine [295]. 
50:50 mixtures of TOA and n,n-octylaniline in xylene were found to give 
strong, synergic extraction from 1.5 M sulfuric acid [296].  
2.8.8.6 AMIDE EXTRACTANTS 
A number of amides have been tested for thorium extraction. The first of 
these were N,N,N′,N′-tetraalkyldiamides, first investigated in the 1960s 
[297]. Latterly, N,N,N′,N′-tetrabutyladipicamide (TBAA) was found to 
THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS 
 
70 
 
extract thorium from 3 M and stronger solutions of HNO3 [298]. This 
extractant was found to give the best performance of ten amides and TBP 
from nitrate media [299]. 
Other similar amides studied are the 4-oxaheptanediamide (OHA) 
extractants N,N,N',N'-tetraalkyl-4-oxaheptanediamide (TOOHA), N,N,N’,N’-
tetrabutyl-4-oxaheptanediamide (TBOHA), N,N,N’,N’-tetrahexyl-4-oxa-
heptanediamide(THOHA) and N,N,N’,N’-tetra isooctyl-4-
oxaheptanediamide(Ti-OOHA). Under the correct conditions slight 
extraction of thorium could be achieved with these extractants [300]. 
The extraction of thorium from nitrate media by N,N-di-n-hexyl octanamide 
(DHOA) has been studied, and it was found that the bulk of thorium is not 
extracted, remaining in the aqueous phase [301]. However, slight extraction 
was found by another researcher under similar conditions [234]. 
The diglycolamides are a subject of research for actinide separations, 
particularly N,N,N’,N’-tetraoctyl diglycolamide (TODGA) and N,N,N’,N’-tetra-
2-ethylhexyl diglycolamide (TEHDGA). Thorium is extracted by TODGA in n-
dodecane from nitric acid solutions [72]. TEHDGA with isodecanol in n-
dodecane was also found to extract thorium strongly from nitric acid [73]. 
2.8.8.7 PYRIDINE EXTRACTANTS 
Some work has been carried out into pyridine based amine extractants.  
A study into 5-(4-pyridyl)nonane in benzene found that it does not extract 
thorium from nitrate media [302]. However, work on the oxide form, 4-(5-
nonyl)-pyridine oxide, found that the extractant in xylene extracted thorium 
from nitric acid for a range of acidities. Thorium was not extracted by the 
pyridine oxide from hydrochloric or sulfuric acids [289]. 
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2.8.9 AMINOPHOSPHOROUS EXTRACTANTS 
Some work has been carried out into the use of combined amine and 
phosphorous extractants. Both of the studies given below reported a 
solvation mechanism.  
The alkylamide phosphorous extractant octaethyltetraamidopyrophosphate 
(OETAPP) was found to extract thorium as mono- and disolvate from strong 
hydrochloric acid media, and from a wide range of nitric acid concentrations 
[303]. 
2-ethylhexyl-N,N’-di (2-ethylhexyl) phosphorodiamidate was synthesised 
recently for the separation of thorium from rare earth elements, and was 
found to extract thorium quantitatively from nitric acid, quite strongly from 
some hydrochloric acid concentrations, and generally only slightly from 
sulfuric acid [304].  
2.8.10 CALIXARENE EXTRACTANTS 
Calixarenes are relatively large cyclic molecules, named for their vase-like 
shape. They have a cavity in the centre which is hydrophobic and can 
accommodate ions and molecules, including species extracted from the 
aqueous phase. Calixarenes are relatively new to actinide solvent extraction, 
compared to phosphorous and amine extractants, and synthesis and testing 
of new calixarenes is a developing area.  
Thorium is slightly extracted from hydrochloric acid media by 25,26,27,28-
tetracarboxymethyl-5,11,17,23-tetra-tert-butyl calix(4)arene by a cation 
exchange mechanism [94]. 5,11,17,23-tetra(diethoxyphosphoryl)-
25,26,27,28-tetraacetoxycalix(4)arene extracts thorium well from nitric acid 
media [92], and stronger extraction was given by the tetrapropyl variant 
5,11,17,23-tetra(diethoxyphosphoryl)-25,26,27,28-tetrapropyloxy- 
calix(4)arene. A solvation mechanism is reported for these extractants 
[305]. Finally, the extractant 5,11,17,23-Tetra[(2-ethyl 
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acetoethoxyphenyl)(azo)phenyl]calix(4)arene was found to extract thorium 
strongly at pH 7 from nitrate media, but the extraction mechanism was not 
reported [93]. 
2.8.11 CROWN ETHERS 
Crown ethers are cyclic molecules which can coordinate metals in their 
centres. They have received some attention in the literature for thorium 
separations.  
The separation of thorium from rare earths may be carried out at pH 4.5 by 
α-(symdibenzo-16-crown-5-oxy)acetic acid or α -(symdibenzo-16-crown-5-
oxy)phenylacetic acid, as thorium is quantitatively extracted by cation 
exchange and rare earths are almost completely rejected [90]. A number of 
other crown ethers have been shown to be capable of extracting thorium 
with the cation exchanger 3-phenyl-4-benzoyl-5-isoxazolone (HPBI) 
investigated alone and with other crown ethers as potential synergists from 
nitric acid solutions [89]. The separation of thorium from monazite with N-
phenylbenzo-18-crown-6-hydroxamic acid (PBCHA) has also been 
investigated, and very strong extraction was given at pH 3-5 with 
dichloromethane diluent. The mechanism was identified as cation exchange 
[91].  
2.8.12 LIX EXTRACTANTS 
Studies related to a number of extractants produced under the brand LIX are 
given here, as they do not fit into the categorisation above.  
LIX 26 is a chelating alkylated 8-hydroxyquinoline, and mixtures of this 
extractant and butanol in benzene have been found to extract thorium at pH 
4-6. Extraction could be achieved at lower acidities with standard 8-
hydroxyquinolene in methylisobutylketone (MIBK). Additionally, mixtures 
of salicylic acid and oxine were found to quantitatively extract thorium. In 
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mixtures of LIX 26 and DPSO, thorium extraction increases with LIX 26 
fraction [306].  
LIX 54 is 1-phenyldecanone-1,3-dione. Alone it does not strongly extract 
thorium from chloride media, but this may be increased slightly by the 
addition of TBP, and greatly by the addition of thenoyltrifluoroacetone 
(HTTA) as a mixed complex by cation exchange [307].  
LIX 84 is 2-hydroxy-5-nonylacetophenone oxime. This extractant extracts 
thorium very poorly, even when mixed with TBP, neodecanoic acid, 
Alamine-336, HTTA or dibenzoylmethane [308]. 
2.8.13 ROOM TEMPERATURE IONIC LIQUIDS 
Recently interest has grown in ionic liquids for solvent extraction, both as 
extractants and as diluents. Ionic liquids are simply ionic compounds which 
are liquid at ambient temperatures. They are often considered as 
advantageous over volatile organic solvents due to their being inflammable, 
stable at high temperatures and resistant to radiolysis [209, 309-313]. In 
particular, recent work into radiolytic degradation of extractants and 
diluents for thorium extraction has shown that ionic liquids protect the 
extractants themselves from radiation damage more than organic diluents 
[314].  
In the literature the most commonly reported types of ionic liquid are 
Cyphos phosphonium compounds and imidazolium compounds. Several 
imidazolium compounds have been studied for thorium extraction. 
Thorium is not well extracted from sulfuric acid by the amine extractant 
N1923 in 1-octyl-3-methylimidazolium hexafluorophosphate [C8mim]PF6 as 
diluent. The use of the ionic liquid diluent greatly reduced extraction 
compared to the use of a hydrocarbon diluent (n-heptane). However, the 
addition of sodium sulfate greatly increased thorium extraction by N1923 in 
the ionic liquid [315]. DEHEHP in n-heptane and in [C8mim]PF6 gave 
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differing extraction percentages as a function of pH. At pH 1 and below the 
hydrocarbon diluent gave better extraction, but above this pH the ionic 
liquid gave better extraction [316].  
Other 1-alkyl-3-methylimidazolium hexafluorophosphate ionic liquid 
diluents (alkyl groups butyl, hexyl, octyl) have been investigated for thorium 
extraction with N,N,N’,N’-tetrabutyl-3-oxapentane diamide (TBDA) and 
N,N’-dimethyl-N,N’-dibutyl-3-oxapentanediamide (MBDA), which are 
stronger complexants than TODGA. All extractant and diluent combinations 
were found to extract thorium well from dilute nitric acid solutions, with 
some combinations also giving good extraction for concentrated acid [317]. 
TODGA extraction from nitric acid media was improved by the use of ionic 
liquid diluents as compared to n-dodecane [72]. 
1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imides 
(CnmimNTf2) with alkyl groups ethyl, butyl, hexyl and octyl have been 
studied as diluents, with HTTA as extractant. The shorter alkyl chains gave 
greater extraction from nitric acid media, and the extraction was greatest at 
low acidity [209].  
[C4mim]PF6 was used as a diluent for TOPO for Th and Eu separations in 
nitrate media. The diluent alone and with TOPO were found to 
quantitatively extract thorium. Dichloromethane as diluent gave a much 
reduced extraction [318]. 
1-[3[[(diphenylphosphinyl)acetyl]amino]propyl]-3-tetradecyl-1H-imidazol-
3-ium hexafluorophosphate has been functionalised with CMPO, and this 
was found to strongly extract thorium from nitric acid solutions [319].  
bis(chlorophosphoryl)decahydro-2,4-di(2-hydroxyphenyl)benzo[d][1,3,6] 
oxadiazepine (DPO) has been used as an extractant with [C6mim]PF6 as 
diluent, which efficiently extracted thorium from nitrate media [320]. 
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A recent publication has studied piperidinium based ionic liquids as an 
alternative to imidazolium, with four sulfoxide extractants. The 
piperidinium diluent gave good thorium extraction from 1 M HNO3, and 
more efficient extraction. Phenyl sulfoxides were found to give stronger 
extraction than alkyl sulfoxide [321]. 
Several patents for thorium separations using ionic liquids have been 
granted [322-324].  
2.8.14 SUMMARY OF PRIOR RESEARCH INTO THORIUM SEPARATIONS 
The range of possible solvent extraction systems for the separation of 
thorium from monazite leachates is very large, and many researchers over 
the past 70 years have produced significant data on a number of possible 
systems and their efficacy, with new conditions and extractants being 
studied all the time. The great majority of these studies are on the subject of 
thorium recovery from minerals, rather than reprocessing. However, the 
results should also be applicable to spent fuel separations. 
Synergic systems using existing extractants have not been fully explored. 
The use of established extractants can bring advantages in terms of 
technological maturity and cost savings over the use of novel extractants 
which must undergo much development prior to being useable in a process. 
As was shown in Figure 2.21, PC-88a alone does not give suitable separation 
of thorium, uranium and iron from monazite liquor. In order to improve 
upon this, a synergic system is proposed. The selected synergist for 
investigation was the phosphoric acid extractant HDEHP, as described in 
Section 2.8.4.1. HDEHP can give good separation of thorium, uranium and 
trivalent cerium from hydrochloric acid [87], and has been found to give 
relatively poor extraction of iron [325] from hydrochloric acid solutions. 
Hydrochloric acid was used as the aqueous feed in the THRUST process, and 
so this acid was used as the aqueous medium in this work. It was therefore 
anticipated that mixtures of PC-88a and HDEHP might give good separation 
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of these metals. This combination of extractants has not previously been 
reported in the literature. An investigation of the mixture is reported in 
Chapter 3. 
When considering the back end of the fuel cycle, the range of possible 
extractants for examination is very large. While the literature review above 
applies fairly equally across both the front end and back end, few specific 
studies have been carried out into thorium and uranium separations from 
spent fuel. Thus, it was considered valuable to perform a screening study to 
determine promising mixtures for development. PC-88a was retained as a 
primary extractant, and a subset of the extractants above were selected for 
testing as potential synergists. This work is reported in Chapter 6. 
2.9 THORIUM-BASED NUCLEAR FUELS 
Various thorium fuels are being studied for use in a number of reactor 
applications. Of these, the first application of thorium in a modern 
commercial reactor fuel will likely be as thorium dioxide in an LWR or 
PHWR, with some addition of thorium as a minor component of the fuel in 
the period to 2030, the use of thorium in fissile materials management over 
2030-2050, and a full thorium fuel cycle from 2050 onwards [43].  
The work in this thesis does not concern the fabrication of thorium nuclear 
fuels, although research work is ongoing into the preparation and 
production of high-quality thorium oxide powders and pellets [128, 129, 
198, 326]. Synthesis of mixed thorium-uranium pellets is also an area of 
ongoing research [327-332].  
Economic analyses of thorium-uranium oxide pellet fabrication processes 
have been carried out. It was determined that the cost of manufacturing 
fuels from ThO2 and enriched UO2 could increase by 25-64% compared to 
current costs of LEU fuel [333].  
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2.9.1 THORIUM FUELLED REACTOR CORE DESIGN CONSIDERATIONS 
As was discussed in Section 1.5.2, thorium alone cannot be used to operate a 
reactor, and a source of neutrons is required to maintain a critical chain 
reaction. In the short and medium term this is most likely to be achieved by 
the addition of a fissile driver. Fissile drivers in the literature, as detailed 
below, include repurposed strategic materials such as highly enriched 
uranium (HEU) and weapons-grade plutonium, reprocessing products of 
other fuels including reactor-grade plutonium and recycled uranium, and 
low enriched uranium (LEU, up to 20% 235U). Uranium previously bred from 
thorium, being primarily 233U, may also be used. 
The thorium and fissile driver may be arranged within the reactor in several 
ways: 
 The thorium and fissile driver may be mixed homogeneously within 
the fuel pellets.  
 Alternatively, a complete core of identical fuel assemblies may be 
used, with a heterogeneous fuel layout within the individual fuel 
rods or assemblies. This is known as microheterogeneity.  
 Finally, a heterogeneous core may be used, with separate fissile and 
fertile zones, known as macroheterogeneity. This arrangement is 
typified by the seed and blanket concept, where fuel is organised 
into separate fissile and fertile regions at the level of the core.  
These fuelling regimes are illustrated in Figure 2.22. Other heterogeneous 
fuel options include heterogeneous pellets and axial variation along the 
length of the fuel rod.  
Completely homogeneous cores of uranium and thorium have been shown 
to be disadvantageous compared to standard uranium fuels in LWRs, as a 
significant loading fraction of relatively highly enriched uranium is required 
in order to match the irradiation cycle duration, and the achievable fuel 
burnup at discharge is reduced. However, spatial separation of the uranium 
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and thorium can increase the achievable burnup in the core per unit of 235U, 
even if the fertile and fissile components are separated by only a few 
centimetres. This is at the cost of increased complexity in fuel management 
and core behaviour due to the presence of super-critical seed regions and 
sub-critical blanket regions, and the need to balance the heat and power 
distribution across the core [334]. 
 
FIGURE 2.22 –  EXAMPLE OF AN LWR  CORE WITH THREE FUELLING REGIMES, USING PLUTONIUM 
AS AN EXAMPLE FISSILE DRIVER FOR THORIUM. VIEW ONTO THE CORE IS FROM THE TOP-DOWN. 
TYPICALLY, LWR  FUEL IS INSERTED INTO THE REACTOR CORE AS FUEL ASSEMBLIES, EACH OF 
WHICH CONSISTS OF A NUMBER OF FUEL RODS . ASSEMBLIES ARE TYPICALLY OF THE ORDER OF 
10-20 CM ALONG A SIDE IN END PROFILE AND ARE SEVERAL METRES TALL, WITH A MASS OF 
SEVERAL HUNDRED KILOGRAMS. ROD DIAMETERS ARE OF THE ORDER OF 1 CM, BEING COMPOSED 
OF STACKS OF FUEL OXIDE PELLETS IN A ZIRCONIUM ALLOY CLADDING [15, 17]. 
Heterogeneous fuels need not necessarily contain solely ThO2 in the fertile 
“blanket” fuel rods. Some amount of uranium, particularly uranium-238, can 
be beneficial when mixed with the thorium as a proliferation resistance 
measure, as this means that the resulting uranium isotopic vector in the 
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spent fuel will not contain highly pure 233U [115, 120, 335]. However, this 
significantly reduces the achievable fuel burnup [114, 336]. 
The fissile driver may also take the form of an external neutron source. A 
proton accelerator with neutron spallation target may be coupled to the 
sub-critical reactor core in order to supply the required neutrons for 
thorium conversion [199]. This is known as an Accelerator Driven System 
(ADS), and these reactors are often promoted as giving safety advantages 
compared to critical cores, as the core will immediately become sub-critical 
if the particle accelerator is made inactive [337, 338]. Research has also 
been undertaken into fission-fusion hybrid reactor systems for thorium 
transmutation, where a fusion neutron source is surrounded by a blanket of 
fissile/fertile material to achieve high breeding ratios in thorium and 
irradiation of transuranic waste [339-345].  
2.9.2 THORIUM DIOXIDE FUELS IN REACTOR OPERATION 
The work in this thesis studies reactor operation of ThO2 PHWR fuels for 
separated plutonium and uranium management. However, before beginning 
to discuss PHWR fuels a review of the literature on thorium oxide fuels in 
other reactor types is given, in order to present a more complete view of the 
state-of-the-art in thorium fuel research and development. 
2.9.2.1 THO2 FUELS IN PRESSURISED WATER REACTORS 
Research into the mixing of thorium with highly enriched uranium and 
plutonium has shown that these materials may be successfully repurposed 
from military applications and irradiated in pressurised light water reactors. 
Compared to standard uranic fuels, Th-Pu fuels give a reduction in minor 
actinide waste generation, leading to more rapid reduction in spent fuel 
radioactivity as was discussed in Section 2.2.2 [125]. Thorium breeding in a 
homogeneous LEU-Th reactor core was calculated to greatly reduce 235U 
requirements and produce much less plutonium. The spent fuel also had a 
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much weaker neutron radiation field, while the Pu-Th fuel reduced the need 
for natural fuel resources. Specifically, the total amount of thorium and 
uranium required to operate the core was 80% of the amount of LEU 
required over the same period [115]. 
Work by Weaver and Herring [130] into PWR cores using reactor-grade and 
weapons-grade plutonium as the fissile driver identified that the plutonium 
with the higher fissile fraction could be used to give higher end-of-life (EOL) 
burnups than reactor-grade plutonium. However, when a plutonium fraction 
of 4.4% was used with both depleted uranium and thorium as the fertile 
material, the U-Pu MOX achieved greater end of life burnups than the Th-Pu 
MOX. The breeding of 233U as a function of burnup was little affected by the 
plutonium source or mass fraction.  
Thorium-bearing fuel assemblies have been proposed for use in existing 
PWR cores. The Radkowsky Thorium Fuel core concept uses Seed-Blanket 
Units (SBUs), which are designed for one-to-one replacement of PWR fuel 
assemblies, featuring a microheterogeneous seed and blanket array within 
the SBU. The Westinghouse PWR fuel assembly has a 17x17 array of fuel 
rods. In the Radkowsky SBU the inner 133 fuel rods use a metallic alloy fuel 
of plutonium and zirconium, while the outer 156 fuel rod positions are 
replaced by thorium oxide blanket rods. The seed and blanket 
subassemblies are refuelled separately, with the blanket subassemblies 
irradiated over several cycles of seed fuel replacement. When used for 
plutonium irradiation, this concept can convert the plutonium more 
completely than standard MOX PWRs, with a 50%-70% mass reduction for 
the same energy output and a larger fraction of less fissile even-numbered 
plutonium isotopes. The use of plutonium as a fissile driver reduces the 
effectiveness, or “worth”, of neutronic control devices such as control rods, 
and so design changes are recommended to standard PWRs to adapt to this, 
specifically to enable the greater use of soluble boron as a neutron absorber 
[335, 346-351]. 
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Whole cores of seed and blanket fuel assemblies in checkerboard patterns 
have also been considered by Todosow et. al. [334], and these were found to 
be broadly similar to the Radkowsky fuel in terms of fuel requirements and 
discharges, although fuel management is simplified considerably.  
Detailed studies on the effect of burnable poisons around guide tubes and 
fuel rods have been carried out by Fridman and Kliem [352], and power 
distributions are reported for a full checkerboard core simulation over three 
irradiation cycles. The fuel used was 8.6% reactor-grade plutonium in 
thorium, with three fuel batches giving an 18 month fuel cycle. Guide tube 
poisons were found to reduce power peaking across the core over the 
duration of the irradiation cycle.  It was further recommended to use 
stronger neutron absorbing materials in control rods for Pu-Th fuels.  
Work by Lau, Demaziere et. al. [353] suggested the use of thorium as a 
partial replacement for burnable poisons, in order to flatten the neutron flux 
profile over the core, particularly at the beginning of core life. Mixed LEU-Th 
oxide fuel rods with some U-Gd rods as burnable poison were used. Most 
reactivity coefficients were only slightly changed, while the others (Doppler 
and moderator temperature coefficients) were within operating limits. The 
reduction in gadolinium fraction reduced beginning of life power peaking, 
thus giving improved thermal-hydraulic safety parameters. Another study 
by Subkhi, Su’ud and Waris [354] considered the addition of 231Pa and 227Np 
as burnable poisons for a long-life core fuelled with a fraction of 233U at the 
start of life, as these materials are commonly present in the spent fuel of 
thorium reactors. A lifetime of 28 years is indicated, although this is based 
purely on calculations of core criticality and power profile.   
Other hosts for plutonium irradiation have been considered besides 
thorium. Inert matrices of zirconium oxide, with and without thorium 
doping were investigated. It was found that the fissile fraction loading had to 
be kept relatively low in order to maintain a negative coolant void reactivity 
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in the core, which in turn led to a relatively short fuel irradiation cycle 
length. A multi-recycling scheme using such a fuel was proposed, with the 
need for small additions of thorium and depleted uranium after each 
irradiation cycle, as well as an addition of weapons-grade plutonium in 
order to allow continuous recycling (the use reactor-grade plutonium was 
found to allow a maximum of two cycles before the isotopic vector became 
too degraded for further use) [355]. These inert matrix fuels have been 
termed “rock-like” (ROX) fuels, and have a relatively low spent fuel 
radiotoxicity, as well as being able to achieve high plutonium transmutation 
[117, 356]. The addition of some thorium dioxide to the ROX fuel helps to 
maintain negative reactivity coefficients in the core [356]. 
An economic analysis of alternative fuel cycle options for PWRs has shown 
that 50% mixtures of thorium and uranium, both in the metallic and oxide 
forms, give economic advantages compared to uranium oxide fuel at a smear 
density of 0.95 and optimum burnup level from a cost perspective, using 
6.5-7% enriched uranium [357].   
An analysis of the safety parameters of PWRs with Pu-Th oxide fuels has 
considered a number of reactivity coefficients and accident scenarios, both 
at steady state and during transients, and has shown that such fuels should 
be able to be licensed for operation. Consequences of accident scenarios 
were found to be less severe than in UO2 fuelled reactors, and within 
acceptable limits [358, 359].  
Thorium-fuelled PWRs have also been investigated as minor actinide 
burners. It has been seen that decreasing the moderator-to-fuel ratio (MFR) 
hardens the neutron spectrum, thus improving minor actinide conversion 
[360]. 
Fuel breeding in large and small PWRs has been investigated and appears to 
be feasible under thermal reactor conditions with burnups in the range 20-
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40 GWd/t. The greatest breeding ratio was given by high reactor power, but 
low power density [361].  
Studies on complete thorium cores with 233U as the fissile driver in PWRs 
have shown comparable behaviour to standard UO2 fuels, with 
improvements in conversion ratio, reactivity depletion, natural resource 
utilisation, and a similar level of resistance to proliferation [362].  
Pu-Th fuels in PWRs are suggested as a part of various transition and 
supplementary schemes for UO2 fuels. One study by Takaki and Mardiansah 
[363] suggests Pu-Th fuels based on reactor-grade plutonium. This would 
breed 233U, which could be separated and used as initial seed fuel in a 233U-
Th thermal breeding PHWR. Another study by Bi, Si and Liu [364] suggests a 
similar scheme with the further multi recycling of 233U and potentially 
thorium in several PWR cycles.  
A publication by Marshalkin and Povyshev [365] has reported on the 
breeding of 233U from LEU-Th, Pu-Th and U-Pu-Th fuels in Russian VVER 
reactors, moderated by heavy and light water blends to modify the neutron 
spectrum over the irradiation cycle. It was determined that at most 85% 
heavy water must be used in order to maintain a negative void coefficient.  
A comparison of Th-Pu MOX against low enriched UO2 in a PWR has found 
that rather than an outer blanket of fertile material, an annulus of thorium 
oxide within the core can give much greater discharge burnups. The flux 
profile matches most closely to a 2.1-3.1% 235U uranium oxide PWR core 
when the Pu loading fraction in the Th-Pu fuel is 5.5%, with greater axial 
and radial peaking at higher Pu fractions [366].  
A recent study by Alhaj et. al. [367] into Pu-Th fuels found that 13.5% 
reactor-grade plutonium loading in Pu-Th oxide fuel assemblies could 
achieve the same irradiation cycle length as UO2 fuel in a Westinghouse 
AP1000 reactor with fuel conversion factors increased by up to 10% 
compared to UO2 fuel . 
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From these and other studies, it can be seen that thorium-based fuels for 
PWRs have been studied in some detail, from initial BOL neutronic 
feasibility studies to full core simulations with thermal-hydraulic analysis 
over transients and accident scenarios. The general consensus is that high 
conversion factors, and even fuel breeding, are possible in existing PWRs if 
correctly fuelled with thorium and a suitable fissile driver. LEU-Th fuels may 
be manufactured in existing fuel fabrication plants, and both LEU-Th and 
Th-Pu fuels may be irradiated within the safety limits of existing and 
planned reactors. If correctly applied, these fuels can bring benefits in terms 
of in-core fuel longevity, power profiles, non-proliferation, and economics.  
2.9.2.2 THO2 FUELS IN BOILING WATER REACTORS 
Much of what is applicable in PWRs regarding the addition of thorium 
remains true in boiling water reactors. However, several studies have 
focussed particularly on BWRs, and these are detailed here. 
A cermet fuel of 50% porous LEU-Th oxide particles (75% ThO2, 25% UO2 
with 19.5% 235U) dispersed in a metallic zirconium matrix was investigated 
as a potential fuel for the Simplified Boiling Water Reactor. The core design 
was optimised with burnable poison placement for minimal reactivity 
change with burnup, and studies into fuel fabrication were carried out. It 
was found that the fuel could be irradiated for eight years to a burnup of 54 
GWd/t [368].  
Four thorium oxide fuels for BWRs were compared to low enriched uranium 
fuel and U-Pu MOX fuel in the Forsmark-3 BWR. Open fuel cycles were 
considered using LEU-Th and reactor-grade Pu-Th, as well as closed fuel 
cycles using reprocessed U and Pu in a LEU-Pu-Th fuel, and a Th-233U fuel. 
The core infinite multiplication factor 𝑘𝑖𝑛𝑓 was found to increase by 0.2 in 
the first 10 GWd/t of irradiation for UO2 and Th-233U fuels as the 4% Gd2O3 
burnable neutron absorber is depleted, decreasing more rapidly thereafter 
than MOX fuel and fuels with Th and UO2 or plutonium, which do not have a 
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burnable absorber. The Th-Pu and Th-Pu-U fuels were found to give 
significant reductions in core decay heat compared to UO2 and MOX fuel. 
The Th-Pu-U fuel was also found to give the greatest denaturation of the 
plutonium isotopic vector [369]. 
A more recent paper proposed a seed-blanket BWR core, with a metallic 
235U-Zr alloy as the seed and a ThO2 blanket, where concentric rings of seed 
and blanket are arranged within 8x8 fuel rod sub-assemblies, without the 
moderating water tubes used in standard BWR fuel. These assemblies are 
irradiated for four cycles, with more burnt fuel generally towards the core 
centre. The neutron flux in the proposed fuel is approximately 50% of that 
in the UO2 fuel, although power distributions are much more variable, with 
maximum power peaking factor of 2.81. The plutonium isotopic vector and 
concentration of 233U with irradiation history were reported [370].  
2.9.2.3 THO2 FUELS IN HIGH TEMPERATURE REACTORS 
Some work has been carried out into the use of thorium in high temperature 
reactors (HTRs), both as prismatic block and pebble bed fuel forms. 
A helium-cooled HTR with a prismatic block core was considered for 
operation with 233U-Th fuel. A high conversion ratio could be achieved over 
an 18-month irradiation cycle with high thorium loading, an increased MFR 
and removal of the inner reflector. Both seed and blanket fuels were placed 
within each 36 cm wide graphite block, with seed in the inner region of the 
block and blanket in the outer region giving better performance than the 
reverse, or a homogeneous mixture. The addition of 238U to denature of 
uranium isotopic vector for non-proliferation was again found to 
significantly reduce conversion and cycle length [371]. 
In the same reactor another study considered a thorium fuel with 19% 
weapons-grade plutonium as the fissile driver, finding that this enabled a 
doubling of cycle length and discharge burnup [372].  
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Another HTR study considered Pu-Th quadruple isotropic (QUADRISO) fuel 
particles embedded in graphite prismatic blocks [373]. Similarly to another 
study by Lau [353], thorium oxide was used to replace burnable poison in 
order to breed 233U. A 300-day fuel cycle could be achieved using this fuel 
with a 5% packing fraction, after which 65% of the loaded 239Pu is 
consumed, and of which ~23% is replaced by 233U. It was observed that the 
reduced capture cross section of 240Pu are greater in homogeneous fuel than 
in microheterogeneous QUADRISO fuel due to reduced self-shielding, 
leading to greater production of 241Pu in the homogeneous fuel. It was again 
found that the addition of 238U to the fuel as a proliferation resistance 
measure significantly decreased cycle length, produced additional 239Pu and 
increased spent fuel radiotoxicity [373].  
The in-reactor performance of thorium TRISO fuels have been studied to 
determine gaseous fission product release rates and historical 
manufacturing defect rates. It was found that Th fuel performance was equal 
to or better than uranium fuel performance [374]. 
A pebble bed reactor was studied with simultaneous thorium conversion 
and minor actinide irradiation using two fuels, a 30%:70% Pu-Th fuel and a 
50%:50% thorium and mixed minor actinide fuel. Both fuels had greater 
discharge burnups and cycle lengths than 9.6% enriched UO2. The isotopic 
vector change with burnup in the fuels was calculated [375]. 
2.9.3 THORIUM IN PRESSURISED HEAVY WATER REACTORS 
Pressurised heavy water reactors for power generation were first operated 
in Canada, in order to be able to irradiate uranium without enrichment after 
the Second World War. The use of heavy water as moderator and coolant 
means that the loss of neutrons through absorption by non-fuel materials is 
very low, and thus these reactors are very flexible in terms of the fuels they 
can accept, requiring much lower fuel reactivity than LWRs to be operable 
[20].  
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Different terminology is used to refer to similar components of LWR and 
CANDU PHWR fuels, and it is necessary to define these terms in order to 
clarify the discussion which follows. An annotated diagram of key CANDU 
fuel and core terminology is presented in Figure 2.23. 
 
FIGURE 2.23 –  DIAGRAM SHOWING KEY COMPONENTS OF CANDU  NUCLEAR REACTORS WITH 
PHWR  NOTATION (LEFT). CALANDRIA WITH EXTENDED FUEL CHANNEL (RIGHT).  
Thorium was under consideration as a PHWR fuel from at least as early as 
1976 in the proposed Self Sufficient Equilibrium Thorium (SSET) fuel cycle, 
which used uranium separated from irradiated thorium fuel elements as the 
fissile driver. The isotopic mix of the irradiated uranium was 61% 233U, 6% 
235U, and the remainder even-numbered isotopes [376]. 
CANDU reactors are refuelled almost daily, at full power, with spent fuel 
bundles being ejected from the core and fresh bundles introduced to 2-3 fuel 
channels/day on average. Which channels are refuelled, when, and with how 
much fresh fuel, are decisions made based on the current status of the core 
and fuel, and any planned transients, in order to manage the core power and 
reactivity distributions and respect fuel burnup limits [20, 68]. The 
optimisation of the core loading and management is complex, and the 
relatively slow decay of 233Pa to 233U, compared to 239Np to 239Pu, adds 
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additional complications, particularly when it is desirable to minimise 232U 
generation [377].  
Recent work has studied fuelling configurations for CANDU reactors in 
order to give fuel breeding while respecting constraints on power limits and 
profiles. Homogeneous 233U-Th fuels were found to only give fuel breeding 
at very low burnups, meaning that the refuelling frequency had to be very 
high. Cores with an inner seed region and outer blanket (ISOB) region have 
been studied in detail, but have been shown not to be operable without 
reducing reactor power significantly due to power peaking in the seed 
region. Therefore cores with an outer seed and inner blanket (IBOS), as well 
as an annulus of seed fuel with inner and outer blankets (IOBMS), were 
studied, with 1.0-1.6% 233U in 37-element CANDU fuel bundles. In steady 
state these core configurations performed very well, but during refuelling 
unacceptable reactivity swings were observed. The IBOS fuel was found to 
allow operation at greater power than natural uranium fuel due to an 
improved power profile, but suffered from neutron leakage issues. The 
IOBMS fuel improved on this, reducing the refuelling rate and increasing 
core reactivity. Power peaking was observed at the seed-blanket interfaces 
due to the 233U fraction mismatch [136].  
This work was further developed in a study into the effect of reducing fuel 
bundle sub-division, using 24 annular fuel elements per seed bundle and 28 
solid elements per blanket bundle in an IBOS concept. The annular elements 
were internally cooled, and a large central ZrO2 element was used to reduce 
the coolant void coefficient of reactivity and give improved margin to the 
critical heat flux. The 28-element bundle gave improved breeding. It was 
found to still be necessary to reduce the core power to 60% of the natural 
uranium fuelled value for the ISOB concept in order to respect channel 
power limits, which also brought the core to just below net breeding. The 
IBOS concept was also just below net breeding, but did not require power 
reduction. It is suggested that net breeding could be achieved through 
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further reduction of neutron absorption in non-fuel materials, although such 
absorbers are already at a very low level in CANDU reactors. Alternatively, 
the blanket thorium content could be increased and these channels could be 
more regularly refuelled [378].  
The effect of multiple seed and blanket annular regions in CANDU reactors 
has been studied, as well as the variation in seed-blanket ratio, with 3%Pu-
Th and 4%Pu-Th fuels in 35-element fuel bundles with a large ZrO2 rod in 
the centre. A large range of performance data were measured and it was 
found that burnups of up to 31 GWd/t were achievable, consuming 60% of 
the initial plutonium load. However, all cases required derating of the 
reactor, with the 75% blanket core requiring a reduction to 35% of rated 
power. A figure of merit was defined taking account of conversion ratio, 
fissile utilisation, burnup and power rating, and it was found that one seed 
region with two blanket regions and 4% plutonium was the most highly 
performing core, operating at 65% of full power and a burnup of 31.11 
GWd/t, with 1.25 times the fissile utilisation of a standard CANDU reactor 
and a conversion ratio of 0.56 [379].  
A variety of 233U-Th fuel compositions with up to 3% initial 233U have been 
investigated in order to determine the optimum seed and blanket fuel, based 
on minimal refuelling rate for the proposed two coaxial core zones while 
respecting power distribution and criticality criteria. The previously 
discussed SSET fuel of separated 233/232U and Th was found to correspond 
approximately to a fuel containing 1.6% pure 233U in thorium, and that the 
235U in the separated uranium compensates for the presence of even 
isotopes. As SSET fuel contains 1.6% 233U there is little value in performing 
isotopic separation on the uranium recovered from its spent fuel, as the 
impact of other isotopes was very low. It was further found that at low 233U 
fractions (<1.8%) the refuelling rate is heavily dependent on the initial 233U 
fraction. 2.4% pure 233U was found to best respect the defined operating 
constraints [377]. 
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Another study found that PHWRs fuelled with thorium and using former 
weapons materials as fissile drivers could achieve high conversion factors. 
Several PHWR and PWR fuels were compared in terms of separative work 
units and fuel materials requirements, power and conversion ratio, and 
spent fuel fissile composition [115].  
A study was conducted into the use of Pu-Th in PHWRs with MFRs of 1.0 and 
1.2, including a suggested fuel cycle deployment scenario. In agreement with 
other studies, changing from light to heavy water, other things being equal, 
hardens the neutron spectrum, which with high 239Pu fractions increases the 
coolant void reactivity. Fuel breeding ratio is highest for low fuel burnups 
and low power density. Heavy water was a better moderator for breeding 
than light water. Both MFRs gave positive void coefficients, but this allowed 
large burnups to be achieved with an almost negligible reduction in core 
multiplication factor 𝑘𝑒𝑓𝑓 [380].  
Further work following from the previous study by Mardiansah and Takaki 
[380] considered Pu-Th fuels in PHWRs for the production of 233U with a 
variety of MFRs over five 1000-day irradiation cycles. It was found that MFR 
= 0.6 gave fuel breeding, despite a lower initial core reactivity than MFR = 
1.0, which did not breed fuel. However, the lower MFR gave a positive void 
coefficient, while the higher MFR did not. The annual yield of 233U from the 
core is 800-900 kg. This was then suggested for use in a second PHWR 
fuelled with a closed 233U-Th fuel cycle over a 1300 day irradiation cycle and 
8% 233U loading. An MFR of 0.6 again gave good breeding performance and 
was found to give minimal reactivity swing with irradiation while retaining 
𝑘𝑒𝑓𝑓 slightly greater than unity [363]. 
A series of thorium fuels were studied in a theoretical PHWR consisting of 
oxide fuel rods with zircaloy cladding, in heavy water moderator/coolant 
with a BeO outer reflector. Three fuels consisting of thorium oxide with 4% 
of either 233U, 235U or 239Pu were modelled for 𝑘𝑒𝑓𝑓, neutron flux, fissile mass 
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variation with burnup, fission product poison concentration and 233Pa 
concentration as a function of irradiation time. Coolant void reactivity and 
temperature effects was also reported. Following an initial reduction the 
multiplicity factors and fluxes of uranium driven fuels stabilised above unity 
after 150 days of irradiation. The 233U-Th fuel was found to breed, and had 
the lowest fission product poison production (considering 135Xe and 149Sm 
only). The Pu-Th fuel was found to have a positive moderator temperature 
coefficient of reactivity [381].  
The most modern reactor design from CANDU Energy is the 700 MWe 
Advanced CANDU Reactor (ACR-700), an evolution of the currently 
operating CANDU-6 reactor. In a comparative study of the CANDU 6 and 
ACR-700 reactors several core management schemes with LEU-Th fuels 
were suggested, these being seed and blanket in separate fuel channels, seed 
and blanket in separate fuel rods of each fuel bundle, and homogeneous 
LEU-Th oxide. It was found that as the thorium fraction in the homogeneous 
fuel is increased, the uranium enrichment must also increase in order to 
achieve equivalent fuel burnup, resulting in greater natural uranium 
requirements overall. Increasing the burnup however gives reductions in 
natural uranium requirements compared to natural uranium or LEU fuels. 
Polynomials are fitted which allow the calculation of discharge burnup in 
each reactor as a function of uranium enrichment and thorium mass fraction 
[382].  
Another study looked at the evolution of 𝑘𝑒𝑓𝑓 for four thorium fuels in 
CANDU reactors: a 4% reactor-grade PuO2 in ThO2 fuel, a 3% weapons-
grade PuO2 in ThO2 fuel, and the addition of 5% natural UO2 to each of these. 
Eight years of operation was determined to be neutronically feasible with 
each fuel, although the study only reported on the evolution of 𝑘𝑒𝑓𝑓 [383]. 
A new concept reactor was analysed for thorium fuel irradiation, which is 
proposed to be moderated by heavy water but cooled by a molten salt. A full 
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fuel cycle is proposed with Pu-Th fuel in both the proposed PHWR and 
existing LWRs, along with partial core loads of slightly reprocessed LWR 
fuel in the proposed PHWR. The extent to which the fuel cycle is 
implemented can reduce plutonium production from natural uranium by up 
to a factor of ten. Reactivity and power are reported as a function of 
irradiation cycle length. The design is at a very early stage, and even early 
conceptual work remains to be done, such as considerations of how heavy 
water and molten salts may be used safely together in adjacent sections of 
the fuel channels [384]. 
As well as oxide fuels, carbide TRISO fuels have been investigated for use in 
PHWRs, using particles of 10%, 30% and 50% reactor-grade plutonium 
carbide in thorium carbide, with 60% packing fraction in graphite [385]. 
2.9.4 SUMMARY OF PRIOR RESEARCH INTO SOLID THORIUM FUELS 
It has been seen that thorium oxide fuels have been studied in detail for light 
water reactors, heavy water reactors and gas-cooled high temperature 
reactors. The conclusions reached have been variable, depending on diverse 
factors such as the type and amount of fissile driver, and the reactor 
geometry, materials and operation. The exact fuel composition, target 
burnup, reactor power and other factors such as fuel cycle integration will 
define the behaviour of the individual thorium-fuelled reactor. As has been 
seen in this literature review, a reactor constructed with the aim of 
maximising 233U breeding and a reactor which seeks to maximise energy 
output per unit of loaded fissile material will likely be very different 
machines.  
In general terms, it has been shown that thorium oxide fuels are capable of 
fuel breeding, or at least very high conversion factors, in a number of reactor 
types. Homogeneous fuels were found to be feasible, but the advantages 
were limited. Heterogeneous fuels gave better performance in a range of 
metrics, although care had to be taken to ensure that power limits were 
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respected through the core, as power peaking was found to be a recurring 
issue. A number of burnable poisons in various configurations were 
investigated for flux flattening, including rare earth elements and neutron 
absorbing actinide isotopes such as 231Pa and 237Np.  
A relatively poorly studied fuel group overall was three-component fuel, 
consisting of plutonium, uranium and thorium used together. Such fuels 
were studied in VVER reactors with mixed light and heavy water 
coolant/moderator [365], in BWRs [369] and in PHWRs [383].  
The UK has large inventories of separated plutonium and uranium from 
many years of reactor operations, and it is currently proposed that the 
plutonium be irradiated in a fleet of Enhanced CANDU-6 reactors as a MOX 
fuel with depleted uranium, using dysprosium oxide as a burnable poison. A 
set of alternative fuel compositions was investigated for these reactors, 
using inventory U and Pu supplies as well as reprocessing products of a UK 
nuclear new build reactor as fissile drivers for thorium oxide. These studies 
are outlined in Chapter 4 of this thesis, with more detailed neutronic 
analysis being reported in Chapter 5. 
2.10 NOVEL RESEARCH AREAS IDENTIFIED AND 
DEVELOPED IN THIS THESIS 
In this literature review three areas were identified for further research as 
part of this work.  
2.10.1 THORIUM SOLVENT EXTRACTION FROM MONAZITE 
In the front end of the thorium fuel cycle it was seen that the purification of 
a thorium concentrate produced from monazite by solvent extraction has 
received attention in the scientific literature. A large number of potential 
extractants have been investigated, in a range of hydrocarbon and ionic 
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liquid diluents, from a number of aqueous media. In addition some binary 
mixtures of extractants have been studied as potential synergic mixtures.  
Many synergic mixtures remain to be studied for thorium separation. 
Currently, the only industrial recovery of thorium from monazite is by the 
Indian THRUST process, using PC-88a to separate thorium from rare earth 
elements. However, uranium and iron must be separated from the mineral 
mineral PLS before PC-88a can be used to recover thorium. The established 
extractant HDEHP has been shown to separate uranium and thorium, and to 
not substantially extract iron. Therefore, a study was carried out into this 
extractant mixture, with the aim of determining the distribution ratios and 
separation factors, the extracted complexes, and the number of extraction 
stages required to recover 99% of thorium from aqueous solution. 
2.10.2 THORIUM-URANIUM-PLUTONIUM FUELS IN PRESSURISED 
HEAVY WATER REACTORS 
The first deployments of thorium in the fuel cycle will likely be within light 
and heavy water reactors as thorium oxide, using separated plutonium or 
enriched uranium as a fissile driver. A number of reactors have been studied 
with such fuels for the purposes of increased power output, flux profile 
shaping, increasing fuel discharge burnup or fuel cycle length, reducing 
natural resource utilisation, actinide transmutation and 233U breeding.  
In this work a particular example is considered of a PHWR with a uranium-
plutonium MOX as the fissile driver for thorium, with thorium replacing the 
proposed dysprosium burnable absorber. Such a reactor is proposed for the 
UK in order to irradiate the national separated civil plutonium inventory in a 
standard MOX fuel. It is anticipated that the addition of thorium may be able 
to increase achievable fuel burnup, thus giving greater conversion of 
plutonium and increased energy production per unit of Pu irradiated, while 
fuels with U, Pu and Th have been considered for use in PHWRs. 
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2.10.3 RECOVERY OF THORIUM AND URANIUM FROM SPENT FUELS 
The rate of publication of studies into thorium spent fuel reprocessing and 
separations is much less than that of thorium separations from minerals, 
which is unsurprising given the economic drive to be able to recover 
valuable rare earth elements without radioactive contamination by thorium, 
which commonly accompanies rare earths in minerals. However, future 
thorium fuel cycles may require the recovery of uranium and thorium from 
spent thorium fuels. The Acid THOREX process has a number of issues due 
to the use of TBP, such as third phase formation, limited solubility of 
thorium, and radiolytic solvent degradation, which could be resolved by a 
different extractant or mixture of extractants. Mixtures of established 
extractants can offer advantages in terms of cost, development time, and 
technological maturity.  
In order to identify possible promising extractant mixtures from the large 
range of possible extractant pairings to a reasonable number for 
investigation, a primary extractant was selected for use alongside ten 
different potential synergists from three different acidic aqueous media. PC-
88a was retained as the primary extractant, with secondary extractants 
selected across a range of types and extraction mechanisms. The aim was to 
determine the distribution ratios and separation factors for thorium, 
uranium, iron and zirconium, in order to be able to identify the most 
promising systems for further development. Zirconium was of interest as it 
can give useful information for processes used in back end nuclear fuel 
reprocessing. It is possible to make semi-quantitative assumptions about the 
behaviour of plutonium by studying the behaviour of both zirconium and 
thorium [75], and although thorium irradiation produces only very small 
quantities of plutonium, plutonium is often suggested as a fissile driver for 
thorium nuclear fuels [334, 346, 352, 369, 372, 386]. Zirconium itself is 
present in many nuclear fuels, either as a component of the fuel itself [378], 
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or more often as the main component of Zircaloy fuel cladding materials, 
which are often dissolved along with the fuel and must be separated [204].  
2.11 CHAPTER SUMMARY 
In this chapter a review of the scientific literature related to thorium solvent 
extraction and thorium use in Generation III+ reactors has been considered. 
Based on this review, gaps in the literature was identified for a synergic 
process capable of separating thorium from other monazite components, for 
a solid thorium oxide fuel for use in pressurised heavy water reactors with 
traditional MOX fuels and for the identification of possible solvent extractant 
mixtures for the recovery of uranium and thorium from spent nuclear fuel. 
Each of these areas will be addressed in the following chapters. Chapter 3 
will cover the front end separation of thorium from minerals. Chapters 4 
and 5 discuss the application of nuclear-grade thorium in nuclear power 
reactors. Chapter 6 will cover the back end processing of thorium spent fuel. 
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3 DEVELOPMENT OF THE PC-88A/ 
HDEHP/HCl SOLVENT 
EXTRACTION SYSTEM 
In this chapter a study is presented into the separation of thorium from 
uranium and iron in 3.0 M HCl media by PC-88a/HDEHP in n-dodecane. The 
extraction mechanisms are determined and a possible flowsheet is 
suggested. 
3.1 INTRODUCTION 
As was discussed in Chapter 2, the currently used industrial process for the 
separation of thorium from monazite solutions is the THRUST process, 
developed and applied in India. PC-88a is used in a solvent extraction 
system to selectively extract thorium from rare earth elements in an acidic 
chloride solution [34]. However, before this can be done, a first solvent 
extraction must be carried out with Alamine-336 in order to extract 
uranium and iron. As HDEHP was not observed extract uranium or iron 
strongly from concentrated hydrochloric acid media [87, 325], it was 
postulated that the addition of HDEHP to the organic phase would suppress 
the extraction of uranium and iron by PC-88a while still recovering thorium, 
and thus might allow thorium to be recovered directly from the monazite 
hydroxide cake dissolved in hydrochloric acid. 
In order to determine the optimum operating conditions for the system, it is 
necessary to understand the metal extraction behaviour and how it is 
affected by various parameters, such as acidity and extractant 
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concentration. Separation system optimisation is rarely performed at the 
bench-scale due to changes in operating conditions introduced at the plant-
scale [387]. However, it is still necessary and valuable to investigate and 
characterise the behaviour of the system in response to a number of basic 
parameters [77]. The aim of the work presented in this chapter was to 
determine the extraction mechanisms for Th, U and Fe by slope analysis 
[388], as well as the number of contact stages required for 99% thorium 
recovery in a counter-current solvent extraction system based on a 
predicted McCabe-Thiele extraction isotherm (see Section 3.2.7 below and 
Appendix B) [79, 389]. From this a process flowsheet for thorium separation 
was suggested. 
3.1.1 PROPERTIES OF PC-88A AND HDEHP 
PC-88a and HDEHP are dialkyl phosphorous acids with equivalent alkyl 
groups (2-ethylhexyl), with the difference being that one is phosphoric 
(having two alkoxide ester groups) and the other phosphonic (having one 
alkoxide ester group and one alkyl group). The phosphonic acid, PC-88a, is 
more basic and more resistant to hydrolysis, typically giving it greater metal 
bonding strength and affinity for H+ [76]. Both are typically cation exchange 
extractants [220]. Both of these extractants aggregate to form cyclic dimers, 
as shown in Figure 3.1, being (HEHEHP)2, (HDEHP)2 and (HEHEHP.HDEHP) 
[248, 390, 391]. Acidity constants, dimerisation constants and other selected 
data for PC-88a and HDEHP are given in Table 3.1. It can be seen that PC-88a 
and HDEHP are similarly acidic and have a similar tendency to dimer 
formation. 
 
FIGURE 3.1 –  FORM OF THE PC-88A AND HDEHP DIMERS, WHERE 𝑅1 REPRESENTS THE ALKYL 
OR ALKOXIDE ESTER GROUP. 
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TABLE 3.1 –  𝑝𝐾𝑎  AND 𝑝𝐾𝑑𝑖𝑚𝑒𝑟  DATA FOR PC-88A AND HDEHP [391, 392]. 
EXTRACTANT PC-88A HDEHP 
Acidity constant in water 𝑝𝐾𝑎 3.30-3.42 2.75-2.79 
Acidity constant in 75% ethanol 𝑝𝐾𝑎 4.53-4.85 3.45-3.49 
Dimerisation constant in kerosene 𝑝𝐾dimer 4.33-4.42 4.18-4.53 
Distribution ratio into Solvesso #150 𝑝𝐾𝐷 2.99 2.74 
Molecule volume /Å3 [217] 429.65 421.30 
 
The logarithmic dimerisation constant 𝑝𝐾dimer is given by Equation (3.1). 
 
𝑝𝐾𝑑𝑖𝑚𝑒𝑟 = log10𝐾𝑑𝑖𝑚𝑒𝑟 = log10
[(𝐻𝐴)2̅̅ ̅̅ ̅̅ ̅̅ ]
[𝐻𝐴̅̅ ̅̅ ]2
 (3.1) 
 
Where 𝐾𝑑𝑖𝑚𝑒𝑟 is the dimerisation constant,  
 [(𝐻𝐴)2̅̅ ̅̅ ̅̅ ̅̅ ] is the concentration of the extractant dimer in the organic 
phase, and 
 [𝐻𝐴̅̅ ̅̅ ]  is the concentration of the extractant monomer in the 
organic phase. 
PC-88a forms dimers readily in octane [392], heptane, kerosene, benzene 
[391], and toluene [393]. It also readily dissociates to give a proton and the 
associated extractant ligand [391]. The common mechanism of extraction 
for thorium by PC-88a is cation exchange, but mixed cation 
exchange/solvation has also been observed [85, 251, 252, 394].  
The difference in acidity constant is due to the greater amount of oxygen in 
HDEHP for two otherwise identical extractant structures. The lower acidity 
constant of HDEHP means that a greater proportion of the extractant is 
partially deprotonated at low value of pH in solution, thus making it more 
available for metal complexation than PC-88a.  
Both extractants strongly partition into organic media over aqueous media, 
as shown by their 𝑝𝐾𝐷 values with Solvesso #150 (petroleum naphtha), also 
in Table 3.1. 
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Some selected thorium distribution ratio results for PC-88a extraction are 
presented for three common mineral acid aqueous media in Figure 3.2, 
Figure 3.3 and Figure 3.4. It can be seen that all three acids will give thorium 
extraction under the correct conditions. 
 
FIGURE 3.2 –  DISTRIBUTION RATIO FOR THORIUM AS A FUNCTION OF PH UNDER EXTRACTION BY 
SEVERAL CONCENTRATIONS OF PC-88A IN KEROSENE FROM SULFURIC ACID MEDIA . IMAGE 
REPRODUCED FROM DATA PUBLISHED IN [255]. 
 
FIGURE 3.3 –  DISTRIBUTION RATIO FOR THORIUM AS A FUNCTION OF ACIDITY AND PC-88A 
CONCENTRATION IN DODECANE WHEN BEING EXTRACTED FROM HYDROCHLORIC ACID (LEFT) 
AND MIXED HCl/NaCl  SOLUTIONS (RIGHT). IMAGES REPRODUCED FROM DATA PRESENTED IN 
[251]. 
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FIGURE 3.4 –  DISTRIBUTION RATIO FOR THORIUM AS A FUNCTION OF NITRIC ACID 
CONCENTRATION WHEN EXTRACTED BY 0.75M PC-88A IN n-DODECANE. IMAGE REPRODUCED 
FROM DATA PUBLISHED IN [253]. 
3.1.2 SELECTION OF ORGANIC DILUENT 
It was decided to use n-dodecane as the hydrocarbon diluent in this 
screening study. N-dodecane is a long-chain alkane. The density of n-
dodecane is 0.7495 g.cm-3, with low solubility in water and low viscosity 
[395]. Several PC-88a diluents have previously been tested, and n-dodecane 
was found to give the strongest thorium extraction [253]. It is also the 
diluent used in the THRUST process [34]. 
No PC-88a dimerisation constant data were available for n-dodecane, but 
based on the strong tendency to form dimers in other alkyl diluents it is 
assumed that this behaviour will be similar in n-dodecane. 
3.1.3 LITERATURE REVIEW ON THE EXTRACTION OF TH, U AND FE BY       
PC-88A AND HDEHP 
3.1.3.1 THORIUM EXTRACTION 
No published data could be found on the extraction of thorium by mixtures 
of PC-88a and HDEHP. However, some work has been carried out into the 
separation of thorium by the extractants individually, as well as in 
combination with other extractants. 
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As was discussed in Chapter 2, thorium is extracted from acidic media by 
PC-88a. A number of cation exchange extraction complexes and mixed 
cation exchange/neutral adduct complexes have been reported. PC-88a 
extraction of thorium from hydrochloric acid has shown slopes of 2 for pH 
dependence and 3 for extractant dependence, suggesting the complex 
ThCl2(HA2)2(H2A2), where the extractant is binding to a thorium chloride 
species as both a partially deprotonated molecule through cation exchange 
and as a the fully protonated dimer through solvation [251]. However, the 
acid dependence slope for PC-88a extraction from HCl has also been 
reported as -3 [252, 394] and -4 [85], suggesting that the extracted species 
may be Th4+, (ThCl)3+ or (ThCl2)2+, with a similar set of species also formed 
with nitrate [394]. In the extraction of Th by PC-88a from nitric acid, pH 
dependence and PC-88a dependence slopes of 4 have been found, with the 
reported extraction complex being Th(H(EHEHP)2)4 [85]. Thorium is also 
extracted from sulfuric acid in the presence of fluoride ion as a ThF3+ 
complex by PC-88a as a mixed cation exchange/solvation complex [255]. 
The kinetics of thorium extraction from nitrate media with PC-88a have 
been studied [84]. The nitrate extraction complex was found to be 
effectively back-extracted by sulfuric acid [83], although sodium and 
ammonium carbonates were found to give greater back-extraction [253].  
Several HDEHP complexes are formed with tetravalent cations [87]. HDEHP 
extracted Th from HCl in the literature with a slope of 3 for both pH and PC-
88a dependence. A slope of 0.8 was found for chloride dependence, leading 
to two suggested complexes: Th(DEHP)2(H(DEHP)2)2 and 
ThCl(DEHP)(H(DEHP)2)2 [394]. Another study found that thorium is well 
extracted from 0.5 M hydrochloric acid by 0.1 M HDEHP and less well by 
0.05 M HDEHP in kerosene diluent. The extracted complex was suggested to 
be the polymeric species Th2(DEHP)10H2. Four protons are released per 
thorium atom, with 5 extractant molecules complexed. Mixed cation 
exchange and neutral complexes are also presented for Th with HDEHP 
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from hydrochloric acid, and it is suggested that the neutral ThCl4 species 
may be extracted by HDEHP as a pure neutral adduct at high aqueous 
acidities [88]. Another study from nitrate media reported the complex to be 
ThNO3(H(DEHP)2)3 [243].  
3.1.3.2 URANIUM EXTRACTION 
No previous work could be found on the extraction of uranium by mixtures 
of PC-88a and HDEHP.  
Uranium is extracted by HDEHP from dilute hydrochloric acid, sulfuric acid 
and their mixtures by cation exchange, with two protons exchanging for two 
HDEHP dimers, as shown in Figure 3.5 [87]. The extraction decreases with 
increasing acidity, while the extraction of thorium remains strong. The 
uranyl complex extracted from nitrate media was also reported to be 
UO2(H(DEHP)2)2 [243]. At low nitrate concentrations the favoured extracted 
complex was also found to be UO2(H(DEHP)2)2. Numerical modelling has 
been used to study uranyl-HDEHP complexes, and it was found that HDEHP 
often binds as a bidentate ligand in nitrate systems [396].  
The reported complex of uranium with PC-88a is very similar, being 
UO2(H(EHEHP)2)2, produced by cation exchange with the release of two 
protons [251, 397]. Uranium is extracted from acids by PC-88a in a range of 
conditions [216]. The metal may be extracted from phosphoric acid 
solutions by PC-88a in xylene, with decreasing extraction at higher 
acidity[398]. When extracted from hydrochloric acid media, U(VI) has been 
observed to form a 1:2 complex with PC-88a [399]. The extraction of 
uranium from nitric acid media is shown in Figure 3.6 [400]. 
3.1.3.3 IRON EXTRACTION 
Iron was found to be quantitatively extracted from 0.15 M hydrochloric acid 
by 0.1 M PC-88a in five contact stages. However, at 3-5 M HCl the extraction 
was very low. Iron extraction with PC-88a is quantitative or very high above 
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pH 0.75, in the cation exchanged complex Fe(PC-88a)3, but falls to almost nil 
at higher acidities [401]. PC-88a in toluene diluent was found to extract iron 
from hydrochloric acid with a loading capacity of 1.3 g/l [402]. The 
extraction of Fe3+ by PC-88a from hydrochloric acid media is shown in 
Figure 3.7. It also extracts iron well from sulfuric acid [401] and nitric acid 
[253].  
With HDEHP, a range of extracted iron complexes from hydrochloric acid 
have been reported to occur in parallel [403]. The extraction of iron from 
hydrochloric acid is shown in Figure 3.8, and it can be seen that 𝐷𝐹𝑒 is low at 
high acidity [403]. 40% HDEHP in a benzene diluent was found to poorly 
extract iron from hydrochloric acid media via a cation exchange mechanism 
forming FeCl(DEHP)2, with 𝐷𝐹𝑒~0.3 for 2.7 M HCl [404]. Stripping could be 
performed with concentrated HCl [325] or H2SO4 solutions [405]. 
 
FIGURE 3.5 –  DISTRIBUTION RATIOS FOR THORIUM, URANIUM AND CERIUM FROM ACIDIC 
CHLORIDE MEDIA BY 0.7 M  HDEHP IN XYLENE DILUENT . IMAGE REPRODUCED FROM DATA 
PUBLISHED IN [87]. 
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FIGURE 3.6 –  EXTRACTION OF URANIUM FROM NITRIC ACID MEDIA AS A FUNCTION OF ACIDITY 
AT CONSTANT NITRATE CONCENTRATION . 0.005 M  PC-88A, 3 M NITRATE, 25C˚C. IMAGE 
REPRODUCED FROM DATA PUBLISHED IN [400]. 
 
FIGURE 3.7 –  EXTRACTION EFFICIENCY OF IRON(III)  FROM HYDROCHLORIC ACID MEDIA BY 
30% PC-88A (AQUEOUS:ORGANIC RATIO 2, 25˚C, CONTACT TIME 15 MINS. IMAGE 
REPRODUCED FROM DATA PUBLISHED IN [406]. 
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FIGURE 3.8 –  EXTRACTION OF IRON(III)  BY FOUR CONCENTRATIONS OF HDEHP FROM 
HYDROCHLORIC ACID MEDIA. [HDEHP] LEVELS ARE 0.05 M, 0.1 M, 0.2 M AND 0.4 M, 
BOTTOM TO TOP (30˚C, ONE HOUR CONTACT TIME). IMAGE REPRODUCED FROM DATA 
PUBLISHED IN [403]. 
3.1.3.4 MIXTURES OF PC-88A AND HDEHP FOR SEPARATION OF 
OTHER METALS 
Mixtures of PC-88a and HDEHP have been studied for the extraction of other 
metals besides thorium, uranium and iron. 
The separation of rare earth elements has been studied by several 
researchers. The trivalent rare earths are extracted by cation exchange from 
sulfate media, forming rare earth sulfate complexes with HDEHP or PC-88a 
individually, or the mixed complex RE(H(DEHP)2)2(H)EHEHP)2) with the 
synergic mixture of 0.06 M PC-88a, 0.04 M HDEHP [407]. Another study 
considered cerium(IV) separation from sulfuric acid media, and confirmed 
the maximum synergism at the same extractant ratio and at 0.5 M acidity. 
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The extracted complex was determined to be Ce(SO4)0.5H(EHEHP)2(DEHP)2 
[408].  
Vanadium(IV) was extracted as the VO2+ vanadyl species from sulfuric acid 
by the synergic mixture of 0.8 M PC-88a, 0.2 M HDEHP, with the extracted 
species being VO(H(EHEHP)2)(H(DEHP)2), with a possible small amount of 
VO(H(EHEHP)2)(H(EHEHP)(DEHP)) [390]. 
3.1.4 EXTRACTION STUDIES PERFORMED 
There are many parameters in a given solvent extraction system that may be 
modified in order to alter the extraction behaviour and equilibrium 
distribution ratios of the metals to be separated. These changes may be 
separated according to whether they occur in the aqueous phase, in the 
organic phase, or are related to the overall solvent extraction contact (i.e. 
temperature and contact time).  
The variables studied in this work are illustrated in Figure 3.9.  
 
FIGURE 3.9 –  THE EXPERIMENTAL VARIABLES STUDIED IN THIS ASSOCIATED WITH EACH PHASE. 
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In the aqueous phase, the acid concentration, ionic strength and metal 
concentration will have an effect on extraction behaviour [77]. In the 
organic phase, the concentration of the extractants may be varied, both 
independently and together. Two experiments were performed where the 
concentration of one extractant was held fixed while the other was varied, in 
order to determine the individual contribution to extraction behaviour of 
each extractant in the mixture. 
Job’s method of continuous variation [409-411] was used to determine the 
presence or absence of synergic/antagonistic effects related to the use of 
multiple extractants [79, 412]. The total extractant concentration was held 
to a fixed value, but the relative concentrations of PC-88a and HDEHP were 
varied. Finally, an experiment was performed with a fixed extractant ratio 
but variable total extractant concentration in order to determine the 
extraction constant 𝐾𝑒𝑥 of the system. 
3.2 METHODS 
3.2.1 REAGENTS AND STOCK SOLUTIONS 
Unless otherwise stated, all organic chemicals and metal salts were ACS 
Reagent Grade, and were purchased from Sigma Aldrich. PC-88a (C16H35O3P) 
was supplied by BOC Sciences, USA. The organic reagents were used as 
supplied without further purification. Two organic stock solutions were 
prepared, one with 0.2 M PC-88a in n-dodecane and the other with 0.1 M 
HDEHP in n-dodecane, standardised by mass. The organic solutions, and a 
stock of n-dodecane, were pre-equilibrated with 3 M HCl. In addition, an 
unequilibrated mixed organic solution of 0.1 M PC-88a and 0.05 M HDEHP 
was also prepared. 
Thorium chloride octahydrate (ThCl4∙8H2O) and uranyl nitrate hexahydrate 
(UO2(NO3)2∙6H2O) salts were taken from in-house stocks originally supplied 
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by British Drug Houses. The initial purity of these aged materials was 
unknown. Reagent grade iron(III) chloride hexahydrate (FeCl3∙6H2O) was 
used as the iron salt, supplied by Sigma Aldrich. Reagent Grade 37% 
hydrochloric acid and Analytical Grade 70% nitric acid were purchased 
from Fisher Scientific.  
Hydrochloric acid solutions were prepared at a range of concentrations 
from 0.05 – 4.0 M, and standardised against a calibration curve using a 
Mettler Toledo FiveGo pH meter with Ag-AgCl glass electrode. A mixed metal 
synthetic pregnant liquor solution (PLS) with 100 ppm of each metal and a 
thorium-only PLS with 100 ppm Th were prepared in 3.0 M HCl. In addition, 
a 5 M HCl solution was prepared with 12.5 g/l of each metal, as a mixed 
metal spike solution. The mixed metal PLS and spike were used in the 
majority of studies performed in order to economise on analytical 
instrument usage time and costs. This also allows studies to be made on the 
competition between metals for the available extractant.  
3.2.2 ANALYTICAL INSTRUMENTS AND TECHNIQUES 
Metal concentrations in aqueous solution were determined by Inductively 
Coupled Plasma Mass Spectroscopy (ICP-MS) or Inductively Coupled Plasma 
Mass Spectroscopy (ICP-OES). ICP-MS was the technique used unless 
otherwise stated. 
3.2.2.1 INDUCTIVELY COUPLED PLASMA MASS SPECTROSCOPY 
A diagram showing the functional components of a modern type of ICP-MS 
system is presented in Figure 3.10. Details of the ICP-MS technique and 
systems are available in many literature sources [413-415].   
In this work ICP-MS was performed by an external service, using a Perkin 
Elmer Elan DRC II, which uses a quadrupole detector and includes a reaction 
cell for removing species which cause iron interferences [416, 417]. Results 
were reported as the average of three replicate runs, and the instrument 
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was flushed with nitric acid between runs. Calibration standards were 
supplied by Merck (U and Fe in Merck VI) and PerkinElmer (Th in 
Calibration standard 2), and diluted using 1% analytical grade nitric acid. 
 
FIGURE 3.10 –  DIAGRAM OF MAIN FUNCTIONAL COMPONENTS OF A MASS SPECTROMETRY 
SYSTEM WITH INDUCTIVELY COUPLED PLASMA ION SOURCE AND QUADRUPOLE MASS ANALYSER . 
3.2.2.2 INDUCTIVELY COUPLED PLASMA OPTICAL EMISSION 
SPECTROSCOPY 
ICP-OES differs from ICP-MS in the property of the analyte sample which is 
measured. Both techniques use an inductively coupled plasma torch to 
atomise and ionise the introduced analyte. However, where ICP-MS 
differentiates atoms and ions based on the difference in their mass, ICP-OES 
measures the energy of the characteristic photons emitted as electrons 
recombine with the ions in the plasma and give up their excess energy. 
Fuller details of the ICP-OES technique have been widely published, and will 
not be discussed further in this thesis [418-420]. 
The ICP-OES instrument used was a Thermo Fisher iCAP 6000. ICP-OES 
analyses were performed using a thorium standard produced by Inorganic 
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Ventures, purchased from ESSLabs. Standards were diluted using 1% 
analytical grade nitric acid.  
3.2.3 EXPERIMENTAL TECHNIQUE 
For the solvent extraction contacts 5 ml volumes of both organic and 
aqueous phases were used in all cases. In this sub-section the general 
methodology used is described. However, certain experiment specific 
variations were included, and these are described below in Section 3.2.4. 
For a “standard” experiment, 2.5 ml of the 0.2 M PC-88a solution and 2.5 ml 
of the 0.1 M HDEHP solution were added to a glass liquid scintillation vial, 
and shaken well by hand to combine the solutions. Then, 4.96 ml of 3.0 M 
hydrochloric acid was added to the vial, and the phases were again manually 
shaken to pre-equilibrate the acidity of the organic and aqueous phases. 
Following this, 0.04 ml of the mixed metal spike was added and the vial was 
vigorously shaken manually for five minutes to perform the contact, which 
was enough time for the bulk of the thorium to be extracted, based on 
literature data [253]. The strength of agitation was judged sufficient to fully 
inter-disperse the phases, and phase separation was rapid (< 10 s). A 1 ml 
aliquot of the post-contact aqueous raffinate was taken and diluted with 1% 
analytical grade nitric acid for ICP analysis.  
3.2.3.1 PRESENTATION OF RESULTS 
Results are presented as values of distribution ratio 𝐷𝑀 , where subscript M 
is the chemical symbol of the metal of interest, being Th, U or Fe. The 
formula for 𝐷𝑀 was presented in Equation (2.8). If the volumes of the two 
phases are equal, and it is assumed that all of the initial solute is partitioned 
into either the aqueous or organic phase (i.e. none precipitates, is volatilised 
or forms a third phase), then Equation (3.2) may be used [77]. 
𝐷𝑀 =
[𝑀]0 − [𝑀]
[𝑀]
 (3.2) 
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Where [𝑀]0 is concentration of metal in the aqueous phase before contact 
with the organic phase, which is the total metal volume in the 
system. 
Values for [𝑀]0 for each metal were taken as the average measured metal 
concentrations of three identical samples of 40 μl of the mixed metal spike 
solution (for ICP-MS) or the thorium spike solution (for ICP-OES) added into 
4.96 ml of 3 M HCl. 1 ml aliquots were taken and diluted 10x with 1% 
analytical grade nitric acid and the concentrations of each metal were 
determined using the standard operating procedure for the instrument. 
Values for [𝑀] were measured by ICP-MS analysis as described above. 
In synergism studies it is also useful to define the synergic factor for each 
metal 𝜓𝑀 is a measure of synergic effects, and is given by Equation (3.3) 
[421]. 
 
𝜓𝑀 =
𝐷𝑀,𝑚𝑖𝑥𝑡𝑢𝑟𝑒
𝐷𝑀,𝑃𝐶−88𝑎 + 𝐷𝑀,𝐻𝐷𝐸𝐻𝑃
 (3.3) 
 
Where 𝐷𝑀,𝑚𝑖𝑥𝑡𝑢𝑟𝑒 is the distribution ratio for metal M with the mixture of 
extractants (0.1 M PC-88a, 0.05 M HDEHP), 
 𝐷𝑀,𝑃𝐶−88𝑎 is the distribution ratio for metal M with 0.1 M PC-88a 
alone, and 
 𝐷𝑀,𝐻𝐷𝐸𝐻𝑃 is the distribution ratio for metal M with 0.05 M HDEHP 
alone. 
Diluted samples for ICP-MS analysis were expected to have approximately 
10 ppm of each metal. Due to the limit of detection for the instrument being 
0.001 ppm, the maximum 𝐷𝑀 which can be reported is ~10
4. This was taken 
to indicate quantitative extraction of the metal in question. 
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3.2.4 VARIATIONS IN METHODOLOGY 
In order to study the impact of variables such as reagent concentration it is 
necessary to vary the method described above. These modifications are 
described below according to the independent variable under consideration. 
3.2.4.1 ACID CONCENTRATION 
The effect of acid concentration was examined by varying the [HCl] 
concentration in the range 0.02 M – 2.1 M (equilibrium acidity post- 
contact).  
For each sample, 5 ml of the prepared, unequilibrated mixed organic 
solution was shaken with 4.96 ml of acid of the appropriate concentration. 
0.04 ml of mixed metal spike was added and the phases were manually 
shaken to perform the extraction contact. pH measurements of the aqueous 
raffinate were taken to determine the equilibrium acidity and aliquots were 
diluted for ICP-MS analysis. 
3.2.4.2 CALCULATION OF SYNERGIC FACTOR AS A FUNCTION OF 
ACID CONCENTRATION 
An experiment was performed following the method of Section 3.2.3 to 
determine the synergic factor for the extraction. The extraction of each 
metal was measured by each extractant individually (0.1 M PC-88a and 0.05 
M HDEHP) and in the mixture, following the previously described method, 
from two acid concentrations, being 3.0 M, and a more dilute solution of 0.5 
M HCl to determine whether the synergic factor changes significantly when 
the acidity is varied between these extremes. 
3.2.4.3 EFFECT OF IONIC STRENGTH 
The effect of added chloride and added sulfate concentrations of up to 100 
g/l were tested separately. The base chloride concentration in the aqueous 
solution, without added chloride, was calculated to be 107 g/l (3.02 M). 
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Chloride and sulfate were added as their sodium salts, standardised by mass 
after drying at 80°C for 48 hours. The required masses of the salts were 
added to scintillation vials with 4.96 ml of 3 M hydrochloric acid and the 
vials were shaken as required to dissolve the salt. The mixed organic 
solution was then added and the pre-equilibration and solvent extraction 
contacts were performed as previously described. 
3.2.4.4 ORGANIC PHASE COMPOSITION 
Three experiments were performed into variable organic phase 
composition. In the experiments with variable PC-88a:HDEHP ratio the pre-
equilibrated solutions of PC-88a and HDEHP were combined in various 
ratios to produce a range of mixed organic phases. An equal volume of the 
mixed metal PLS was added and shaking was applied to contact the phases. 
An aqueous aliquot was taken for ICP-MS analysis as described previously. 
Job’s method was employed to identify synergic ratios for the extraction of 
each metal. 
For the fixed ratio experiment, a 0.1 PC-88a/0.05M HDEHP organic phase 
was prepared from the pre-equilibrated solutions, and diluted with the pre-
equilibrated n-dodecane to a range of concentrations. An equal volume of 
the thorium only PLS was contacted with the organic phase, and aliquots 
were taken for ICP-OES analysis. 
3.2.5 ERROR CALCULATION 
The errors in 𝐷𝑀 were calculated based on the three samples used in 
determining [𝑀]0 in Section 3.2.3.1. The standard error was calculated 
across the three metal concentration measurements to give the error in 
metal concentration. 
When calculating values of 𝐷𝑀 the analytical errors must be combined to 
determine the errors in distribution ratio. Quotient errors are determined 
using Equation (3.4). 
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𝛿𝑄
|𝑄|
= √(
𝛿𝑎
𝑎
)
2
+ (
𝛿𝑏
𝑏
)
2
+ (
𝛿𝑐
𝑐
)
2
+⋯ (3.4) 
 
Where 𝑄 is the result of a quotient, and 
 𝑎, 𝑏, 𝑐 … are variables in the quotient equation. 
Applying this to the calculation of 𝐷𝑀 in Equation (3.2) gives Equation (3.5).  
 
𝛿𝐷𝑀
|𝐷𝑀|
= √(
𝛿[𝑀]
[𝑀]
)
2
+ (
𝛿[?̅?]
[?̅?]
)
2
 (3.5) 
 
As the concentration of metal in the organic phase was determined by 
subtracting the aqueous concentration from the total concentration, as in 
Equation (3.2), this error must also be accounted for. When data with errors 
are summed or subtracted, the errors are also summed or subtracted, as 
shown in Equations (2.6) and (3.7). 
 𝑅 ± 𝛿𝑅 = (𝐴 ± 𝛿𝐴) + (𝐵 ± 𝛿𝐵) (3.6) 
 
 𝛿𝑅 = 𝛿𝐴 + 𝛿𝐵 (3.7) 
 
Where 𝑅 is the result of a summation/subtraction, and 
 𝐴 and 𝐵 are variables in the summation/subtraction equation. 
Thus, the error in 𝐷𝑀 may be calculated according to Equation (3.8). 
 
𝛿𝐷𝑀
|𝐷𝑀|
= √(
𝛿[𝑀]
[𝑀]
)
2
+ (
2𝛿[𝑀]
[𝑀]
)
2
 (3.8) 
 
The absolute errors measured by ICP-MS and calculated percentage errors 
in 𝐷𝑀 are given in Table 3.2. These were used to calculate the error bar 
magnitudes presented in the results plots. 
3.2.6 DATA ANALYSIS 
PC-88a and HDEHP extracted U and Fe in the literature by cation exchange, 
and so a cation exchange mechanism was supposed here. The general 
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formula for solvent extraction of metals by a pair of dimeric cation 
exchangers is given by 
Mc+ + 𝑞(𝐻𝐿)2̅̅ ̅̅ ̅̅ ̅̅ + 𝑟(𝐻𝐵)2̅̅ ̅̅ ̅̅ ̅̅ ⇌ ML2𝑞B2𝑟̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + (2𝑞 + 2𝑟)H
+ 
The equilibrium extraction constant 𝐾𝑒𝑥 for this reaction is given by 
Equation (3.9). (HL)2 and (HB)2 are the two protonated acid extractants. 
 
𝐾𝑒𝑥 =
[ML2𝑞B2𝑟̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅][𝐻
+]2𝑞+2𝑟
[𝑀𝑐+][(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑞
[(HB)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑟 (3.9) 
 
When the extraction mechanism is purely cation exchange the metal charge 
𝑐 will be equal to the number of protons released from the extractants (2𝑞 +
2𝑟).  
TABLE 3.2 –  CONCENTRATION OF EACH METAL ACROSS THREE REPLICATES FOR 
DETERMINATION OF EXPERIMENTAL ERRORS, DETERMINED BY ICP-MS. SAMPLES PREPARED BY 
ADDING 0.04 ml  OF METAL SPIKE SOLUTION TO 4.95 ml  OF 3 M HYDROCHLORIC ACID. ALSO 
GIVEN ARE THE CALCULATED PERCENTAGE ERRORS IN THE METAL DISTRIBUTION RATIOS . 
METAL SAMPLE 
1 /PPM 
SAMPLE 
2 /PPM 
SAMPLE 
3 /PPM 
MEAN OF 
REPLICATES 
/PPM 
% ERROR IN 𝑫𝑴 
FROM EQUATION 
(3.8) 
Th 74.712 68.759 63.554 69.008 8.53% 
U 94.960 82.034 74.448 83.814 13.04% 
Fe 133.84 126.57 119.43 126.61 6.00% 
 
It is possible that the extracted species may be a metal chloride. Thorium 
was often observed in the literature to be extracted by neutral adduct 
formation in addition to cation exchange. The extraction mechanism for a 
metal M of charge c by mixed cation exchange and adduct formation with 
two dimerised extractants (HL)2 and (HB)2 from chloride media may be 
characterised by the general reaction  
Mc+ + (𝑐 − 𝑛)Cl− + 𝑞(HL)2̅̅ ̅̅ ̅̅ ̅̅ + r(HB)2̅̅ ̅̅ ̅̅ ̅̅
⇌ MCl𝑐−𝑛(HL2)𝑚(HB2)𝑛−𝑚(HL)2𝑞−2𝑚(HB)2𝑟−2(𝑛−𝑚)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝑛H
+ 
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This reaction was adapted from similar general reactions in the literature 
[88, 253, 422]. Complete deprotonation of the extractants has also been 
suggested in the literature, which would slightly modify the reaction above. 
The equilibrium extraction constant 𝐾𝑒𝑥 for the reaction is given in Equation 
(3.10). 
𝐾𝑒𝑥 =
[MCl𝑐−𝑛(HL2)𝑚(HB2)𝑛−𝑚(HL)2𝑞−2𝑚(HB)2𝑟−2(𝑛−𝑚)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ][𝐻
+]𝑛
[M𝑐+][Cl−]𝑐−𝑛[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑞
[(HB)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑟  (3.10) 
 
The extraction mechanism and the nature of the extracted complexes were 
determined by slope analysis [388]. Slope analysis methods are commonly 
used in the solvent extraction literature, being used in most of the studies 
cited in this chapter and in Section 2.8.  
Slope analysis methods are based on taking the logarithm of extraction 
constant equations, such as Equation (3.10). The equation is then arranged 
such that when it is plotted on a set of logarithmic axes, the slope of the 
resulting straight line gives information on the nature of the extracted 
complex. In this case, to begin a rearrangement of Equation (3.10) is 
required. First, the distribution ratio is defined as in Equation (3.11). 
𝐷𝑀 =
[?̅?]
[𝑀]
=
[MCl𝑐−𝑛(HL2)𝑚(HB2)𝑛−𝑚(HL)2𝑞−2𝑚(HB)2𝑟−2(𝑛−𝑚)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]
[M𝑐+]
 (3.11) 
 
Using Equation (3.11), it is possible to restate Equation (3.10) as shown 
below in Equation (3.12). 
 𝐷𝑀[𝐻
+]𝑛 = [Cl−]𝑐−𝑛[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑞
[(HB)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑟
𝐾𝑒𝑥 (3.12) 
 
Taking the logarithm of Equation (3.12) gives Equation (3.13). 
  log10 𝐷𝑀 − 𝑛. pH = (𝑐 − 𝑛) log10[Cl
−] 
 +𝑞 log10[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ] + 𝑟 log10[(HB)2̅̅ ̅̅ ̅̅ ̅̅ ] + log10𝐾𝑒𝑥 
(3.13) 
 
On the basis of Equation (3.13), experiments may be carried out which allow 
the determination of 𝑛, 𝑞 and 𝑟. In an experiment, the values of two 
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independent variables from the set of pH, [(HL)2̅̅ ̅̅ ̅̅ ̅̅ ] and [(HB)2̅̅ ̅̅ ̅̅ ̅̅ ] are fixed, the 
third is varied, and the impact on 𝐷𝑀 is measured. The value of [Cl-] should 
also be fixed. Fixing some variables allows Equation (3.13) to be reduced to 
three simplified forms, which can be used for the determination of 𝑛, 𝑞 and 𝑟 
by slope analysis. 
 log10 𝐷𝑀 = 𝑛. pH + 𝑧 (3.14) 
 
 log10 𝐷𝑀 − 𝑛. pH = 𝑞 log10[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]  + 𝑧 (3.15) 
 
 log10 𝐷𝑀 − 𝑛. pH = 𝑟 log10[(HB)2̅̅ ̅̅ ̅̅ ̅̅ ]  + 𝑧 (3.16) 
 
Where z is a constant from the remaining terms of Equation (3.13). 
Thus, assuming that a single extraction complex is formed, on a log-log plot 
of 𝐷𝑀 versus the selected independent variable, the experimental data 
points will lie along a straight line, whose slope is given by 𝑛, 𝑞 or 𝑟, based 
on the independent variable under consideration. To determine the number 
of protons released in complex formation, the concentration of the 
extractants is fixed and the pH is varied, while to determine the number of 
extractant molecules complexed the concentration of that extractant is 
varied, while the pH and concentration of the other extractant are fixed.  
The experiments as described in Sections 3.2.3 and 3.2.4 are designed in 
order to allow the application of the slope analysis method. Results are 
plotted in Section 3.3 such that slope analyses could be carried out, where 
the left hand side of Equation (2.6), (3.15) or (3.16) is used as the y-axis, and 
the corresponding term from pH, log10[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ] or log10[(HB)2̅̅ ̅̅ ̅̅ ̅̅ ] is used as the 
x-axis, such that the data should lie along a straight line of slope 𝑛, 𝑞 or 𝑟. 
An extended mathematical treatment of slope analysis methods is outlined 
in Appendix B of this thesis. 
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3.2.7 PREDICTION OF EXTRACTION ISOTHERMS 
The metal concentration in the feed is a key factor in determining the 
optimum separations conditions. In a thorium fuel cycle front end solvent 
extraction process plant the metals feed will be determined by the upstream 
monazite treatment, and the solvent extraction process conditions will be 
largely determined by the feed composition and the desired thorium 
product purity. One of the parameters that must be determined in the 
development of a thorium solvent extraction process is the number of 
counter-current solvent extraction contact stages required to achieve a 
given level of thorium recovery, which may be calculated by McCabe-Thiele 
graphical analysis of an extraction isotherm [77].  
An example McCabe-Thiele extraction isotherm is presented in Figure 3.11, 
in order to explain how this is used to determine the number of stages by a 
graphical method. The McCabe-Thiele method was originally developed for 
the design and analysis of binary distillation equipment. However, the 
method is also applicable to counter-current solvent extraction equipment 
design. 
Two lines are plotted on a set of axes, where the x-axis represents the 
concentration of metal in the aqueous phase and the y-axis represents the 
concentration of metal in the organic phase. The first plotted line is the 
extraction/distribution isotherm. In distillation analysis this would be the 
equilibrium line. This is a plot of how the metal distributes at equilibrium 
between the aqueous and organic phases. The second plotted line is the 
operating line, and represents the concentration of metal which can be 
complexed by the available free extractant for a given level of aqueous metal 
concentration. The slope of this line is equal to the slope of a log-log plot of 
extractant dependence. A line of the aqueous feed concentration is then 
drawn vertically upwards to meet the isotherm line. The number of stages 
may then be determined as follows. Where the operating line intercepts the 
feed concentration, a line is plotted horizontally to the isotherm line, and 
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then dropped vertically to the operating line. This process is repeated until 
the concentration in the aqueous phase reaches the desired raffinate 
concentration. Each horizontal step, moving from the operating line to the 
isotherm line, represents a single equilibrium contact stage in the counter-
current solvent extraction system. Thus, the number of horizontal lines 
gives the number of equilibrium contact stages required to reduce the 
concentration in the aqueous phase from the feed concentration to the 
raffinate concentration.  
 
FIGURE 3.11 –  EXAMPLE OF A MCCABE-THIELE ISOTHERM AS APPLIED TO SOLVENT 
EXTRACTION. 
Based on the data collected, an isotherm may be predicted for the extraction 
of thorium, and from this the number of stages required may be estimated 
by McCabe-Thiele graphical analysis [77, 389]. An aim of the work was to 
determine the number of stages required for 99% recovery of thorium from 
the feed, and thus the vertical feed line in Figure 3.11 is set to 99% of the 
thorium feed concentration. 
An extraction isotherm may be predicted for the thorium complex formation 
reaction, for which the extraction constant is given in Equation (3.10), and 
reprinted below. 
𝐾𝑒𝑥 =
[MCl𝑐−𝑛(HL2)𝑚(HB2)𝑛−𝑚(HL)2𝑞−2𝑚(HB)2𝑟−2(𝑛−𝑚)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ][𝐻
+]𝑛
[M𝑐+][Cl−]𝑐−𝑛[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑞
[(HB)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑟  (3.10) 
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We define two variables, 𝑦 and 𝑥, in Equations (3.17) and (3.18) below 
respectively. 
 𝑦 = [MCl𝑐−𝑛(HL2)𝑚(HB2)𝑛−𝑚(HL)2𝑞−2𝑚(HB)2𝑟−2(𝑛−𝑚)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ] (3.17) 
 
 𝑥 = [M𝑐+] (3.18) 
 
If it is assumed that the metal is extracted as Th4+, rather than a thorium 
chloride species, then Equation (3.10) may be simplified to give Equation 
(3.19). 
 
𝐾𝑒𝑥 =
𝑦[𝐻+]𝑛
𝑥[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑞
[(HB)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑟 (3.19) 
 
In order to determine the free quantity of each extractant in the system at 
equilibrium, as required in the denominator of Equation (3.19), two 
parameters 𝛼 and 𝛽 are defined which represent the total concentration of 
the extractant dimers L2 and B2 respectively. Each total concentration is 
given by the sum of the free extraction and the complexed ligand. 
 
𝛼 = [(HL)2̅̅ ̅̅ ̅̅ ̅̅ ] + 𝑦
2𝑚 + 2(𝑞 − 𝑚)
2
 (3.20) 
 
 
𝛽 = [(HB)2̅̅ ̅̅ ̅̅ ̅̅ ] + 𝑦
2(𝑛 − 𝑚) + 2(𝑟 − (𝑛 − 𝑚))
2
 (3.21) 
 
Simplifying the numerators of the fractions in Equations (3.20) and (3.21) 
and rearranging gives 
 [(HL)2̅̅ ̅̅ ̅̅ ̅̅ ] = 𝛼 − 𝑞𝑦 (3.22) 
 
 [(HL′)2̅̅ ̅̅ ̅̅ ̅̅ ] = 𝛽 − 𝑟𝑦 (3.23) 
 
These can be substituted into Equation (3.19) to give  
 
𝐾𝑒𝑥 =
𝑦
𝑥
[H+]𝑛
(𝛼 − 𝑞𝑦)𝑞(𝛽 − 𝑟𝑦)𝑟
 (3.24) 
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In addition to 𝐾𝑒𝑥, the modified extraction coefficient 𝐾𝑒𝑥
′  is defined as  
 
𝐾𝑒𝑥
′ =
𝐾𝑒𝑥
[H+]𝑛
 (3.25) 
 
Thus, Equation (3.24) may be rearranged to give 𝑥 as a function of 𝑦, as 
shown in Equation (3.26). 
 𝑥 =
𝑦
𝐾𝑒𝑥′ (𝛼 − 𝑞𝑦)𝑞(𝛽 − 𝑟𝑦)𝑟
 (3.26) 
 
By inserting values of 𝑦 into Equation (3.26), the corresponding values of 𝑥 
may be determined, allowing the prediction of an extraction isotherm. It can 
be seen that this equation allows the prediction of an isotherm directly, 
based on knowledge of the total amount of each extractant, the extraction 
constant, the acidity of the system and the values of 𝑞 and 𝑟 determined 
from slope analysis. 
3.3 RESULTS 
3.3.1 DETERMINATION OF EXTRACTION MECHANISM 
The extraction mechanisms for each metal were determined by slope 
analysis of the pH, [PC-88a], [HDEHP] and [Cl-] plots presented below. 
3.3.1.1 EFFECT OF ACID CONCENTRATION 
Figure 3.12 shows the distribution ratios 𝐷𝑀 for thorium, uranium and iron, 
and the fraction of metal extracted as a function of equilibrium acidity. The 
extraction of all metals increased with increasing pH. Lines of integer slope 
were fitted through the log10 𝐷𝑀 data, and the resulting slopes are listed in 
Table 3.3. The increasing extraction with pH indicates a cation exchange 
mechanism. 
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TABLE 3.3 –  INTEGER SLOPE OF FITTED LINES ON LOG-LOG PLOTS OF 𝐷𝑀  AGAINST pH WITH 
COEFFICIENT OF DETERMINATION 𝑅2 FOR FITTED LINES. 
METAL LOG [H+] SLOPE  𝑹𝟐  
Thorium(IV) 4 0.935 
Uranium(VI) 2 0.938 
Iron(III) 3 0.946 
 
Thorium extraction is slightly below 100% for the lowest pH level shown. 
Over 90% of the uranium was extracted from solution for all acidities tested. 
Iron extraction reduced with increasing acidity, with the pH0.5 for iron found 
to be -0.066 (1.16 M [H+]). The trend in extraction was Th > U > Fe, with 
greatest separation at low acidity. 
3.3.1.2 SYNERGIC FACTORS AS A FUNCTION OF ACIDITY 
There are indications of synergism for the PC-88a/HDEHP system, as can be 
seen from the results presented in Table 3.4, as calculated from Equation 
(3.3). At the higher acidity the extraction of the actinides is synergic, while 
iron extraction is antagonistic. However, at the lower acidity, while overall 
distribution ratios are greater, the extraction of thorium switches to become 
antagonistic, due to extraction by HDEHP alone being quantitative. Uranium 
extraction remains synergic, and iron extraction becomes synergic at the 
lower acidity. The large variability in 𝜓𝑀  for each metal between the two 
acidities suggests that the extraction mechanism will vary according to the 
acidity of the system.  
3.3.1.3 EFFECT OF EXTRACTANT CONCENTRATION 
The distribution ratios for the three metals as a function of [PC-88a] and 
[HDEHP] are shown in Figure 3.13. Lines of integer slope have been fitted 
through the data, and these slopes are presented in Table 3.5 with 𝑅2 values. 
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TABLE 3.4 –  SYNERGIC FACTORS FOR THORIUM, URANIUM AND IRON FOR EXTRACTION BY 0.1 M 
PC-88A AND 0.05 M HDEHP IN n-DODECANE FROM HYDROCHLORIC ACID. 
PARAMETER 
3.0 M HCl 0.5 M HCl 
Th U Fe Th U Fe 
𝐷𝑀,𝑚𝑖𝑥𝑡𝑢𝑟𝑒 68 16 0.22 3800 820 23 
𝐷𝑀,𝑃𝐶−88𝑎 2.4 3.0 0.14 1500 160 4.2 
𝐷𝑀,𝐻𝐷𝐸𝐻𝑃 35 6.4 0.12 14000 440 6.9 
𝝍𝑴 1.8 1.7 0.85 0.25 1.4 2.1 
 
For uranium and iron the number of protons released was found to equal 
the number of extractants complexed. However, the number of extractants 
complexed by thorium was greater than the pH dependence slope, and thus 
a mixed cation exchange/adduct formation reaction is indicated. 
When considering the effect of variable [PC-88a], it can be seen that iron 
was rejected for most PC-88a concentrations. 𝐷𝐹𝑒 was greater than 1 only at 
0.2 M PC-88a and 0.05 M HDEHP. Uranium extraction increased with 
increasing PC-88a, with 1.8 < 𝐷𝑈 < 72. Thorium extraction generally 
increased with increasing PC-88a concentration, with 𝐷𝑇ℎ = 7.8 for 0.05 M 
HDEHP alone, and quantitative extraction at [PC-88a] ≥ 0.167 M.  
The effect of increasing [HDEHP] was to increase extraction for all metals. 
Thorium and uranium are extracted slightly by 0.1 M PC-88a alone, with 𝐷𝑈  
greater than 𝐷𝑇ℎ. However, increasing [HDEHP] gives increasing 
distribution ratios for both metals, with 𝐷𝑇ℎ increasing by factor 440 and 𝐷𝑈  
increasing by factor 14 over the range. Iron was found to be partitioned 
preferentially to the aqueous phase for all levels of HDEHP concentration. 
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FIGURE 3.12 –  TH, U AND FE DISTRIBUTION RATIOS AS A FUNCTION OF PH, FITTED WITH LINES 
OF INTEGER SLOPE (LEFT). METAL EXTRACTION FRACTION AS A FUNCTION OF ACIDITY FOR 
THORIUM, URANIUM AND IRON (RIGHT). EXTRACTION PERFORMED FROM HCl  OF VARIOUS 
CONCENTRATIONS WITH 5 MIN CONTACT TIME AT ROOM TEMPERATURE WITH 100 PPM EACH 
METAL. EXTRACTANT CONCENTRATIONS WERE 0.1 M PC-88A AND 0.05 M HDEHP. 
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 Effect of PC-88a concentration Effect of HDEHP concentration 
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FIGURE 3.13 –  DISTRIBUTION RATIO OF TH, U AND FE AS A FUNCTION OF VARIABLE 
EXTRACTANT CONCENTRATION. TOP: VARIABLE [PC-88A] WITH [HDEHP] = 0.05 M. 
BOTTOM: VARIABLE [HDEHP]  WITH [PC-88A] = 0.1 M. EXTRACTION PERFORMED FROM 3.0 
M HCL WITH 5 MIN CONTACT TIME AT ROOM TEMPERATURE WITH 100 PPM EACH METAL.   
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3.3.1.4 EFFECT OF EXTRACTANT RATIO – JOB’S METHOD 
The distribution ratios of thorium, uranium and iron as a function of the 
fraction of HDEHP in the extractant mixture 𝑥𝐻𝐷𝐸𝐻𝑃 is shown in Figure 3.14. 
The fraction of HDEHP is given by Equation (3.27).  
 
𝑥𝐻𝐷𝐸𝐻𝑃 =
[(HDEHP)2]
[(HDEHP)2] + [(HEHEHP)2]
 (3.27) 
 
TABLE 3.5 –  INTEGER SLOPE OF FITTED LINES ON LOG-LOG PLOTS OF 𝐷𝑀  AGAINST [PC-88A]  
AND [HDEHP] PLOTTED IN FIGURE 3.13, WITH COEFFICIENT OF DETERMINATION 𝑅2 FOR 
FITTED LINES. 
METAL LOG [(HEHEHP)2] SLOPE  
q 
LOG [(HDEHP)2] SLOPE  
r 
Thorium(IV) 3; 𝑅2 = 0.93 2; 𝑅2 = 1.00 
Uranium(VI) 1; 𝑅2 = 0.98 1; 𝑅2 = 0.99 
Iron(III) 2; 𝑅2 = 0.81 1; 𝑅2 = 0.79 
 
 
FIGURE 3.14 –  JOB'S PLOT SHOWING DISTRIBUTION RATIOS OF FOUR METALS AS A FUNCTION OF 
THE HDEHP FRACTION IN THE EXTRACTANT MIXTURE . EXTRACTION PERFORMED FROM 3.0 M 
HCL WITH 5 MIN CONTACT TIME AT ROOM TEMPERATURE WITH 100 PPM EACH METAL, USING 
0.15 M TOTAL EXTRACTANT CONCENTRATION . LINES ONLY INTENDED AS A GUIDE TO THE EYE . 
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Thorium extraction increased with increasing HDEHP fraction, increasing 
from 𝐷𝑇ℎ = 21 to quantitative extraction for 100% HDEHP. Uranium 
extraction increased slightly over the range, with 𝐷𝑈  increasing from 29 to 
78. The distribution ratio of iron was observed to increase slightly with 
increasing HDEHP fraction, from 0.01 to 2.6. Given the monotonic trends in 
distribution ratio for all metals, it is inferred that there is no particular ideal 
synergic ratio of these extractants under the studied conditions. Assuming 
that the extractants are behaving through a cation exchange mechanism as 
would be expected, the fact that HDEHP alone gives stronger extraction than 
its mixtures with PC-88a is due to the fact that it is a stronger acid due to the 
presence of the additional oxygen atom in the molecule giving increased 
electronegativity. 
3.3.1.5 EFFECT OF IONIC STRENGTH 
Results for 𝐷𝑀 as a function of added chloride and added sulfate are 
presented in Figure 3.15. Linear trend lines have been fitted to each plot. 
The slope of each line and the associated 𝑅2 is given in Table 3.6.  
The slopes are generally negative, indicating that extraction is reduced by 
increased chloride or sulfate concentration. This is likely due to the 
formation of relatively poorly extracted metal chloride and metal sulfate 
species. Sulfate suppresses thorium extraction more strongly than chloride, 
which is expected given that the stability constants of thorium chloride 
ThCl4 and thorium sulfate Th(SO4)2 are 1.57 and 2.34 respectively, as shown 
in Table 3.7. The slope of iron extraction with sulfate concentration was 
positive, but due to the magnitude of the errors no reliable conclusion may 
be drawn from this. 
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FIGURE 3.15 –  DISTRIBUTION RATIO FOR TH, U AND FE AS A FUNCTION OF ADDED CHLORIDE 
(LEFT) OR SULFATE (RIGHT) IN THE AQUEOUS PHASE . EXTRACTION PERFORMED FROM 3.0 M 
HCl  WITH 5 MIN CONTACT TIME AT ROOM TEMPERATURE WITH 100 PPM EACH METAL, USING 
0.1 M PC-88A AND 0.05 M HDEHP IN n-DODECANE AS EXTRACTANTS. NOTE THAT AXIS 
LABELS ARE IN THE LEFT-MOST COLUMN/BOTTOM ROW OF THE TABLE. 
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TABLE 3.6 –  SLOPE OF FITTED LINES ON LOG-LOG PLOTS OF 𝐷𝑀  AGAINST [CL-] AND [SO4-], 
WITH COEFFICIENT OF DETERMINATION 𝑅2 FOR FITTED LINES. NON-INTEGER VALUES ARE USED 
WHERE NO REASONABLE INTEGER SLOPE COULD BE FITTED. 
METAL LOG [CL-] SLOPE  LOG [SO4-] SLOPE  
Thorium(IV) −1; 𝑅2 = 0.79 −2; 𝑅2 = 0.92 
Uranium(VI) −2; 𝑅2 = 0.91 −0.3; 𝑅2 = 0.86 
Iron(III) −1; 𝑅2 = 0.62 0.1; 𝑅2 = 0.37 
 
TABLE 3.7 –  STABILITY CONSTANTS FOR THORIUM CHLORIDE , NITRATE AND SULFATE 
COMPLEXES IN AQUEOUS SOLUTION [83]. 
COMPLEX STABILITY CONSTANT 
ThCl4 1.57 
Th(NO3)4 0.1 
Th(SO4)2 2.34 
 
When the concentration of added chloride is increased to the level found in 
sea-water 𝐷𝑇ℎ was reduced from 360 to 260, while increasing sulfate to sea-
water concentrations reduced 𝐷𝑇ℎ from 340 to 280 [423].  
3.3.1.6 REACTIONS DETERMINED FROM SLOPE ANALYSIS 
Based on the results presented in Table 3.3 and Table 3.5 the interfacial 
equilibrium reactions for the formation of the extracted metal complexes 
are given below, with their associated equilibrium extraction constants. 
The suggested thorium(IV) reaction, based on a slope of 4 for pH 
dependence, 3 for PC-88a dependence and 2 for HDEHP dependence is 
Th4+ + 3(HEHEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 2(HDEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
⇌ Th(H(EHEHP)2)2(H(DEHP)2)2(HEHEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 4H
+ 
 
𝐾𝑒𝑥,𝑇ℎ = 𝐷𝑇ℎ
[H+]4
[(HEHEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]3[(HDEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]2
 (3.28) 
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The suggested uranium(VI) reaction, based on a slope of 2 for pH 
dependence, and 1 for both PC-88a and HDEHP dependence is 
(UO2)
2+ + (HEHEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + (HDEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
⇌ (UO2)(H(EHEHP)2)(H(DEHP)2)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 2H
+ 
 
𝐾𝑒𝑥,𝑈 = 𝐷𝑈
[H+]2
[(HEHEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅][(HDEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]
 (3.29) 
 
The suggested iron(III) reaction, based on a slope of 3 for pH dependence, 2 
for PC-88a dependence and 1 for HDEHP dependence is 
Fe3+ + 2(HEHEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + (HDEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ⇌ Fe(H(EHEHP)2)2(H(DEHP)2)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 3H
+ 
 
𝐾𝑒𝑥,𝐹𝑒 = 𝐷𝐹𝑒
[H+]3
[(HEHEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]2[(HDEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]
 (3.30) 
 
3.3.2 CALCULATION OF NUMBER OF REQUIRED EXTRACTION CONTACTS 
All solvent extraction experiments performed included data collected at the 
reference extraction conditions (3 M HCl, 0.1 M PC-88a and 0.05 M HDEHP 
without added NaCl or Na2SO4). The modified extraction constants 𝐾𝑒𝑥
′  for 
the reactions were calculated for each metal using Equation (3.25), and an 
average value was calculated. These data are presented in Table 3.8. 
The distribution ratio for thorium as a function of free extractant 
concentration, the denominator of Equation (3.28), is shown in Figure 3.16. 
The slope of the total extraction plot was found to be 0.66 (R2 = 0.983), 
which is the overall extractant dependence for the 0.1 M PC-88a, 0.05 M 
HDEHP mixture. This value was used as the slope of the operating line in the 
McCabe-Thiele extraction isotherm. 
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TABLE 3.8 –  THORIUM DISTRIBUTION RATIO, THORIUM CONCENTRATION IN THE ORGANIC 
PHASE AND CALCULATED MODIFIED LOGARITHMIC EXTRACTION CONSTANT FROM EACH 
EXPERIMENT AT THE REFERENCE EXTRACTION CONDITIONS (3 M HCL, 0.1 M PC-88A, 0.05  M 
HDEHP). 
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FIGURE 3.16 –  DISTRIBUTION RATIO FOR THORIUM AS A FUNCTION OF TOTAL EXTRACTANT 
CONCENTRATION , WITH PC-88A:HDEHP RATIO 2. EXTRACTION PERFORMED FROM 3.0 M HCL 
WITH 5 MIN CONTACT TIME AT ROOM TEMPERATURE WITH 100 PPM THORIUM. 
TABLE 3.9 –  INPUTS REQUIRED FOR PREDICTION OF AN ISOTHERM USING EQUATION (3.25) FOR 
THORIUM, URANIUM AND IRON , AS USED OR DETERMINED IN THIS WORK. 
METAL Th U Fe 
K'ex 1.161 × 108  6328 472.2 
α 0.10 0.10 0.10 
β 0.05 0.05 0.05 
q 3 1 2 
r 2 1 1 
 
Iron is not well extracted, and it is not useful to plot an extraction isotherm 
for it. However, an isotherm can be plotted for uranium. The slope of 
extractant dependence was not experimentally determined for uranium. 
However, several operating lines were plotted, and the sensitivity of the 
required number of stages to the slope of the operating line was determined. 
Lines of slope 0.667-3.0 are shown with the predicted uranium isotherm in 
Figure 3.18, with details on the number of extraction stages for each given in 
table Table 3.10, as determined by McCabe-Thiele graphical analysis.  
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FIGURE 3.17 –  PREDICTED MCCABE-THIELE EXTRACTION ISOTHERM, FOR EXTRACTION OF 
THORIUM FROM HYDROCHLORIC ACID ([H+]eq  = 1.5 M) USING 0.1 M PC-88A AND 0.05  M 
HDEHP IN n-DODECANE.  
 
FIGURE 3.18 –  URANIUM EXTRACTION ISOTHERM WITH LINES OF VARYING SLOPE THROUGH 
ORIGIN, REPRESENTING POSSIBLE OPERATING LINES FOR SENSITIVITY ANALYSIS.  
0
0.004
0.008
0.012
0.016
0.02
0.024
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
[T
h
] O
rg
/M
[Th]Aq /M
0
0.01
0.02
0.03
0.04
0.05
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
[U
]O
rg
 /
M
[U]Aq /M
U isotherm Slope = 0.667 Slope = 1
Slope = 1.4 Slope = 2 Slope = 3
CHAPTER 3 DEVELOPMENT OF THE PC-88A–HDEHP EXTRACTION SYSTEM 
 
135 
 
TABLE 3.10 –  NUMBER OF EXTRACTION STAGES REQUIRED FOR 99% URANIUM RECOVERY FOR 
DIFFERENT EXTRACTION CONSTANTS. NUMBER OF STAGES FOR AN EXTRACTION CONSTANT OF 
2.5 INCLUDED TO INDICATE SENSITIVITY IN THIS REGION . 
EXTRACTION 
CONSTANT LINE SLOPE 
NUMBER OF 
EXTRACTION STAGES 
0.67, 1.00, 1.40 3 
2.00 4 
3.00 5 
 
Given that two extractant ligands bind to each uranium(VI) ion, it is 
suggested that the extraction dependence slope is likely to be lower than 
that of thorium(IV), and thus 3-4 extraction stages are likely to be required 
for 99% uranium recovery. 
3.4 DISCUSSION 
3.4.1 DETERMINATION OF EXTRACTED COMPLEXES 
The suggested thorium(IV) reaction includes neutral adduct formation. In 
aqueous solutions thorium is known to exhibit 9-, 10- and 11-fold 
coordination behaviour [424]. 10-fold coordination is suggested here, as 
four partially deprotonated extractant dimers are binding through two 
coordination sites each, leaving two sites for the binding of a single PC-88a 
dimer as a neutral adduct.  
The extracted complex identified for thorium based on slope analysis in this 
work includes features from a number of complexes formed by HDEHP or 
PC-88a alone. Slopes of pH dependence of 4, without chloride incorporation, 
have previously been shown [85], as have mixed cation exchange and 
solvation complexes [88]. Overall the complex is perhaps closest to that 
identified by Peppard [394]. A previous study into the extraction of thorium 
from nitrate solutions with PC-88a found an average 𝑝𝐾𝑒𝑥 = 3.65 ± 0.03  
[251], suggesting that the complexation of thorium by mixtures of PC-88a 
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and HDEHP from chloride media is stronger than PC-88a alone from nitrate 
media. 
Previous studies have shown that uranium is extracted by both PC-88a and 
HDEHP by cation exchange, with two extractant dimers exchanging for two 
protons [243, 397]. The slope analysis performed in this work indicated that 
a similar mixed PC-88a-HDEHP complex was formed with uranium, such as 
has been seen before with the vanadyl cation [390]. Work into uranium 
extraction from nitrate solution with HDEHP found 𝑝𝐾𝑒𝑥 = 6328, which is ~ 
10 times greater than the value found in this work for synergic extraction 
from chloride media [243].  
Previous work on iron extraction by PC-88a alone from sulfuric acid gave 
standard cation exchange, forming Fe(PC-88a)3 [401]. The complex found in 
this work was similar, with one PC-88a dimer substituted for HDEHP. The 
iron complex identified is similar to the complex reported for trivalent rare 
earth elements using a similar PC-88a-HDEHP ratio, although the rare earth 
complex contained two PC-88a dimers and one HDEHP [407], rather than 
the one PC-88a to two HDEHP dimers found in this work. No 𝐾𝑒𝑥 data for 
iron extraction with PC-88a or HDEHP could be found in the literature. 
3.4.2 EXTRACTANT AGGREGATION 
From the data collected in this study it was not possible to make inferences 
about the behaviour of PC-88a and HDEHP in the organic phase. As has been 
stated, the dimerisation constants in Table 3.1 are large, and many literature 
sources suggest dimer formation, including between the two extractants 
[390]. Many suggested extraction mechanisms indicate that a single proton 
is lost from each dimer during complexation, changing from (HL)2 to HL2, 
where L is (DEHP) or (EHEHP) [403, 407, 421]. However, complete 
deprotonation has been reported for lanthanum(III) extraction with PC-88a 
[425].  
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In this work it was assumed that there was no interaction between PC-88a 
and HDEHP, and that the extractants in solution formed discrete, non-
interacting dimers. However, the possible aggregation of the extractants 
would reduce their availability for metal complexation, leading to 
antagonism. The investigation of this aggregation behaviour is a point of 
recommended future work. 
3.4.3 EXTRACTION ISOTHERM AND CONTACT STAGES 
The extraction isotherm for thorium showed that the metal is well extracted 
by mixtures of 0.1 M PC-88a and 0.05 M HDEHP, being able to give 99% 
thorium recovery in three contact stages.  
The acid THOREX process may be used as a basis for comparison. In the 
original acid THOREX process with TBP, ten extraction stages plus five 
scrubbing and five stripping stages were required for 99% thorium recovery 
[201]. Uranium may be > 98% extracted with TBP in only two stages [216]. 
Modern THOREX processes use 8-12 extraction stages [104]. Iron extraction 
with TBP in MIBK was possible in three stages, with two stripping stages 
[426].  
Little literature data could be found on the number of stages for thorium 
extraction with PC-88a or HDEHP for comparison. A study with DEHEHP 
(di-(2-ethylhexyl) 2-ethylhexyl phosphonate) showed that thorium could be 
extracted to high purity with six stages each of extraction, scrubbing and 
stripping, and this extractant was shown to give greater extraction of 
thorium than TBP [427]. Uranium was found to be extracted in 2-3 stages by 
mixtures of HDEHP and TOPO [428].  
Based on the proposed extraction mechanisms, the predicted maximum 
loading capacities may be determined for the reference extraction 
conditions. These are presented in Table 3.11. The iron capacity is slightly 
reduced due to its relatively low calculated value of 𝐾𝑒𝑥. 
THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS 
 
138 
 
TABLE 3.11 –  LOADING CAPACITIES FOR EACH METAL WITH 0.1 M PC-88A, 0.05 M HDEHP 
FROM 3.0 M HCl. 
METAL EXTRACTED  COMPLEX LIMITING 
EXTRACTANT 
LOADING 
CAPACITY /M 
Th(IV) Th(H(EHEHP)2)2 
 (H(DEHP)2)2(HEHEHP) 
HDEHP 0.020 
U(VI) (UO2)(H(EHEHP)2)(H(DEHP)2) HDEHP 0.050 
Fe(III) Fe(H(EHEHP)2)2(H(DEHP)2) PC-88a 0.045 
 
3.4.4 PROPOSED THORIUM SEPARATIONS FLOWSHEET 
The work carried out in this chapter indicates that thorium may be 
separated from uranium and iron in hydrochloric acid media using mixtures 
of PC-88a and HDEHP. The extraction behaviour of the metals forms one 
part of the overall separations process. The remaining elements of the 
process will include back-extraction and possibly washing of the loaded 
organic phase (“scrubbing”).  
This study was carried out with the aim of offering an improvement to the 
Indian THRUST process, which separates thorium from rare earth elements 
in an acidic chloride solution using PC-88a in n-dodecane as the organic 
phase. However, uranium and iron must be removed from the feed before 
the separation of thorium and rare earths can be carried out. A possible 
system for separation of Th, U and Fe, incorporating PC-88a and HDEHP as 
the extractants, is suggested in Figure 3.19. It is suggested that the mixed 
metals are fed in a < 3 M HCl solution between an extraction section and a 
scrubbing section. The aqueous feed to the scrub solution should be at a 
higher HCl concentration than the feed, which will strongly reject iron while 
still extracting uranium and thorium. The acid concentrations of feed and 
scrub should be set such that the acidity entering the extraction section is 3 
M. Care should be taken in selecting conditions such that the equilibrium 
concentration of iron in the extraction section is not excessive in continuous 
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operation, and that iron will be rejected with minimal loss of uranium and 
thorium. The number of stages in the scrub section will be a function of 
metal distribution ratios at the selected higher acidity. 
 
FIGURE 3.19 –  SUGGESTED PROCESS FLOWSHEET FOR SEPARATION OF THORIUM , URANIUM AND 
IRON FROM SALINE HYDROCHLORIC ACID MEDIA . HCL CONCENTRATIONS ARE MARKED AS 3+X 
AND 3-X M. THE DIFFERENCE IN CONCENTRATION SHOULD BE SET SUCH THAT THE ACIDITY IN 
THE EXTRACTION SECTION IS 3 M. 
In the back-extraction section, two aqueous solutions are suggested. The 
effects of various stripping agents for thorium and uranium have been 
tested in the literature, and the stripping efficiencies for each metal are 
similar across the range of possible stripping agents [253, 429]. For uranium 
recovery it is suggested that the HCl concentration be increased to very high 
levels, potentially with the addition of ethanol or acetone to the aqueous 
phase. For extraction with HDEHP this has been shown to reject uranium 
while retaining thorium in the organic phase, as shown in Figure 3.5 [87]. 
Reduced uranium extraction at higher acidities was also observed in this 
work. 
The stripping of both thorium and uranium from HDEHP is effectively 
accomplished by ammonium carbonate solution [253, 429], and this 
stripping agent is suggested here. Following separation of the metals the 
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organic solvent may be cleaned and recycled. Thorium may then be 
precipitated from the thorium carbonate solution by increasing the pH of 
the solution, and the precipitate may then be converted to an oxide form for 
fuel fabrication by direct thermal decomposition.  
3.5 CONCLUSIONS ON THE DEVELOPED PROCESS 
The aim of the work presented in this chapter was to determine the 
extracted complexes and the number of contact stages required to extract 
99% of the dissolved thorium from a solution of thorium, uranium and iron, 
and these aims have been accomplished. 
The solvent extraction system investigated in this chapter has been shown 
to be a good system for the extraction of thorium from hydrochloric acid 
media. The extracted complexes for iron and uranium were found to be 
formed through a cation exchange mechanism, while the thorium complex 
was produced through a mixed cation exchange/adduct formation 
mechanism. Both of these mechanisms have been seen previously in the 
literature.  
The thorium is strongly partitioned into the organic phase, with 99% of the 
metal extracted in three contact stages. In comparison to currently used 
TBP-based extraction processes, the PC-88a and HDEHP system offers 
improved thorium extraction and improved chloride and sulfate tolerance 
[142]. When compared to the THRUST process, the addition of HDEHP to the 
organic phase allows good separation of thorium and uranium from iron, 
but unfortunately offers limited benefits in terms of the separation of 
thorium from uranium in the extraction step. The low sensitivity of the 
distribution ratio to up to 20 g/l added chloride and 3 g/l added sulfate 
suggests that three to four contact stages would even be sufficient to extract 
99% of thorium from acidified sea-water [423]. 
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It appears that the addition of HDEHP to PC-88a could give improvements 
over PC-88a alone for the THRUST process, although separation during the 
back-extraction step may be required rather than in the extraction step. A 
concentrated acid scrubbing solution could be used to hold iron down in the 
aqueous phase, while a concentrated HCl strip could be used to selectively 
back-extract uranium, leaving thorium in the organic phase. The potential 
elimination of the Alamine-336 solvent extraction step could lead to 
significant cost savings in the implementation of the THRUST process. 
3.5.1 FUTURE WORK IN THIS AREA 
There remains additional experimental work to be carried out to fully define 
the PC-88a/HDEHP/HCl solvent extraction system with high confidence and 
allow development to a full process.  
3.5.1.1 FURTHER DETAILING OF EXTRACTION SYSTEM 
The reliability of the results obtained in this work by calculation would be 
greatly strengthened by experimental validation. The nature of the extracted 
complexes and aggregation behaviour may be studied using analytical 
techniques such as Nuclear Magnetic Resonance (NMR) spectroscopy and 
Vapour Pressure Osmometry, Fourier Transform Infrared spectroscopy 
(FTIR) or Extended X-ray Absorption Fine Structure spectroscopy (EXAFS) 
[393, 430]. The predicted extraction isotherm may be tested by carrying out 
a series of solvent extraction studies similar to any of those already 
discussed in this chapter, but with the metal concentration in the feed used 
as the independent variable, following methods described in the literature 
[431].  
Whether or not the system exhibits synergism is unclear. The Job plot 
method presented in Figure 3.14 does not show synergism. However, 
calculation the synergic factor using Equation (3.5) did indicate thorium 
synergism. The nature of the extraction should be studied further in order to 
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determine whether a synergic mixture exists, as was indicated by the results 
in For uranium and iron the number of protons released was found to equal 
the number of extractants complexed. However, the number of extractants 
complexed by thorium was greater than the pH dependence slope, and thus 
a mixed cation exchange/adduct formation reaction is indicated.. 
Some variables related to the solvent extraction contact were not studied in 
this work, including temperature, contact duration and choice of diluent. 
The effect of temperature should be studied, as extraction of iron has been 
shown to increase with temperature, while extraction of thorium and 
uranium is decreased at higher temperatures [403, 427, 432]. Based on this 
it may be that lower temperatures in the extraction and scrubbing sections 
of the suggested flowsheet will give greater separation of iron from the 
actinides. The effect of contact time should also be studied. Although five 
minutes has been shown to be sufficient for metals extraction with the 
extractants under consideration, this does not necessarily mean that 
extraction with the mixture will reach equilibrium within the same time 
period. If the equilibration times for each metal are found to be significantly 
different this may allow an effective extraction on the basis of kinetic effects. 
In addition, further studies are suggested to better determine the strength of 
the synergic effect. 
3.5.1.2 BACK-EXTRACTION STUDIES 
As was stated in Section 3.4.4, an investigation of suitable stripping 
solutions and conditions would need to be carried out. Concentrated HCl 
and ammonium carbonate are a suggested starting point, although oxalic 
acid also offers an interesting option for the direct precipitation of thorium 
from the organic phase as a precipitate which may be readily calcined to 
oxide [433]. For the selected strippants, stripping isotherms and the number 
of stripping stages required should be determined. From this information a 
complete picture of the solvent extraction process may be generated for the 
separation of thorium, uranium and iron. 
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3.5.1.3 TRANSITIONING TO A REAL FEED 
The next stage of process development would be to increase the complexity 
of the synthetic feed, and eventually test with a “real” feed. The number of 
metals in solution must be increased to account for other ions in monazite 
and its residues (Ti2+, Al3+, rare earth elements). Following this, testing with 
real monazite residues and/or monazite leachate would be required. The 
composition of monazite is variable, and so a range of monazite feeds should 
be considered, prioritising those locations with large monazite reserves 
and/or monazite residue inventories. These might include India, Brazil, Sri 
Lanka, Indonesia, Malaysia, Australia, South Africa and the United States of 
America [142].  
3.5.1.4 SCALING UP TO PILOT PLANT TESTING 
The above represents a more than sufficient body of work to confirm or 
refute a solvent extraction system for the purification of thorium from 
monazite using mixtures of PC-88a and HDEHP as an alternative to TBP.  
Laboratory-scale testing can only go so far in process development. 
Assuming success to this point and the availability of a market for the 
thorium product, process testing must be scaled up, initially to pilot plant 
scale and eventually to full production scale. Some additional data is 
required prior to scale-up. The physical behaviour of the system must be 
studied in order to determine appropriate handling equipment and 
conditions for continuous operation, including the tendency of the system to 
form third phases and emulsions at a range of phase ratios, dispersion and 
phase separation, and the solubility of the organic material in the aqueous 
phase. The requirements for solvent reconditioning treatment between 
extraction cycles must also be established [77].  
Process modelling work in software packages such as Aspen Plus [434] is 
recommended prior to investing in a pilot plant. However, additional 
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experimental studies may be required to provide physicochemical data to 
the model.  
3.6 CHAPTER SUMMARY 
This chapter has presented studies into the separation of thorium from 
uranium and iron in hydrochloric acid media in order to improve upon the 
Indian THRUST process [34]. It has been shown that thorium may be 
extracted strongly from aqueous media by a 2:1 ratio of PC-88a and HDEHP 
in n-dodecane, as a mixed cation exchange/neutral adduct complex, with 
99% of thorium extracted in three contact stages. However, there is not a 
specific synergic ratio of extractants which gives optimal extraction, as 
thorium extraction increases monotonically as the fraction of HDEHP in the 
extractant mixture increases. The system is highly tolerant of increasing 
ionic strength of chloride, and is not strongly affected by low levels of sulfate 
ion. Thus, it is possible that the process will be able to use acidified sea-
water as the aqueous phase.  
Separation from co-contaminant metals may be performed through control 
of acidity, sulfate ion concentration, and careful selection of extractant 
concentration. However, other factors, not investigated in this work, such as 
contact time and temperature, may allow more effective separation. In 
general, for the process conditions investigated, uranium is extracted into 
the organic phase, but less well than thorium, while iron tends to distribute 
across both phases.  
Further work remains to be done on this solvent extraction system, 
including experimental validation of predicted results, additional extraction 
and stripping testing, and other studies leading to process scale up. Further 
development of the thorium separations process was not carried out during 
the work presented in this thesis.  
CHAPTER 3 DEVELOPMENT OF THE PC-88A–HDEHP EXTRACTION SYSTEM 
 
145 
 
There is already significant published work available in the literature on the 
latter part of the thorium fuel cycle front end, the conversion of the pure 
thorium product to an oxide fuel form. Therefore, the focus of the thesis will 
now turn to an application of separated thorium oxide as a nuclear fuel for 
pressurised heavy water reactors. Chapter 4 will present a neutronic 
feasibility study of possible fuels, and Chapter 5 will present a validation 
study of the Chapter 4 results by computational experiment.  
 
THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS 
 
146 
 
4 PLUTONIUM-THORIUM FUEL 
OPTIONS FOR IRRADIATION IN 
HEAVY WATER REACTORS 
 
“And now for something completely different.” 
– John Cleese, “Monty Python”  
 
The previous chapter of this thesis has shown how thorium may be 
separated from common co-contaminants using synergic solvent extraction. 
Having elucidated a promising extraction system for thorium, attention now 
turns to a possible fuel application for separated thorium, specifically the 
use of thorium in UK-based pressurised heavy water reactors for plutonium 
irradiation.  
This chapter is based on a paper published by the thesis author [435].  
4.1 INTRODUCTION 
The primary aim of this chapter was to perform an initial study of 
alternative fuel compositions for pressurised heavy water reactors that 
could incorporate thorium alongside plutonium, reprocessed fissile 
materials and/or depleted uranium. The outcomes of this initial study were 
used to inform further development work into the feasibility of such 
thorium-bearing fuels, which are developed in further detail in Chapter 5.  
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In Chapter 1, four options were described for the management of separated 
UK plutonium, and it was stated that the work in this thesis would focus on 
the PHWR option, known as UK CANMOX. The UK CANMOX fuel uses two 
types of fuel element; these are MOX elements of plutonium and depleted 
uranium, and elements containing depleted uranium with a dysprosium 
burnable absorber to flatten the neutron flux across the fuel bundle [68]. 
This bundle design has some drawbacks. Dysprosium is an expensive rare 
earth element, which functions by absorbing neutrons. The absorption of 
neutrons on dysprosium could be considered as a waste of neutron flux. In 
addition, the neutron captures in the depleted uranium region in the centre 
pins will produce additional plutonium, which would likely have a high 
fissile content due to the relatively low burnup of UK CANMOX fuel 
compared to LWR MOX [63]. Furthermore, the plutonium MOX also uses 
depleted uranium. Depleted uranium is relatively simple to dispose of as it 
has not been irradiated in a nuclear reactor [436]. The reuse of previously 
irradiated uranium could reduce the volume of uranic waste requiring 
special handling due to its content of 234U and 236U, and this was investigated 
during the work reported in this chapter. 
The use of thorium oxide is proposed as an alternative to the depleted 
uranium-dysprosium (DU-Dy) mixed oxide in order to address both of these 
problems. In order to offer an alternative, thorium oxide must be sufficiently 
close to the DU-Dy oxide in terms of neutronic and thermal-hydraulic 
behaviour. In order to determine the impact of switching to thorium, and the 
possibility of using a reprocessed uranium in the U-Pu MOX, it was an aim of 
this work to calculate the beginning of life neutron multiplication factor and 
fertile-fissile conversion ratio for a range of possible fuel compositions with 
three actinide components; thorium, plutonium and uranium. The second 
aim was to determine whether there would be sufficient quantities of 
uranium available to irradiate the UK plutonium inventory, based on an 
equilibrium mass flow assessment. 
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4.1.1 THE UK CANMOX PROPOSAL 
UK CANMOX is the proposal put forward by CANDU Energy Inc. to irradiate 
the UK’s plutonium inventory as part of a MOX fuel with depleted uranium. 
It is a complete fuel cycle proposal, including the construction and operation 
of a fuel fabrication facility and sufficient reactors to irradiate the resulting 
fuel, with consideration also being given to spent fuel management.  
4.1.2 THE ENHANCED CANDU 6 REACTOR 
The Enhanced CANDU 6 is a Generation III+, 740 MWe (gross) pressurised 
heavy water reactor. It is a technological evolution of the well-established 
CANDU 6 reactor, with enhanced safety features and minor design 
modifications which aims to increase the plant’s operating lifetime [437]. 
The core will be comprised of a tank of heavy water moderator, known as 
the calandria, surrounding a square lattice of horizontal fuel channels 
containing fuel bundles cooled by pressurised heavy water [438]. The 
coolant will flow over and through the fuel bundles within the pressure 
tubes, removing heat to a steam generator [382]. The pressure tubes will be 
located within calandria tubes, with the ~ 12 mm annular gap between 
these concentric tubes being filled with carbon dioxide gas, thermally 
insulating the coolant from the calandria. A cutaway diagram of the 
proposed fuel channel is shown in Figure 4.1. A photograph of a CANDU 
calandria with tubes installed is shown in Figure 4.2, and a diagram showing 
the fuel channel arrangement within the calandria is shown in Figure 4.3. 
See also further detail in Figure 2.23 (page 87). 
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FIGURE 4.1 –  CANDU  REACTOR FUEL CHANNEL CUTAWAY DIAGRAM. FUEL BUNDLE OUTER 
DIAMETER IS APPROXIMATELY 10 CM. THE BUNDLE SHOWN IS THE NEW CANFLEX DESIGN. 
 
FIGURE 4.2 –  CANDU  6 CALANDRIA WITH PRESSURE TUBES INSTALLED. SCALE OF CORE MAY BE 
INFERRED FROM WORKERS VISIBLE STANDING AT THE BASE OF THE CALANDRIA VESSEL ON THE 
LEFT AND ON TOP OF THE VESSEL ON THE RIGHT [439]. 
Calandria tube 
CO2 annulus gas 
Pressure tube 
D2O coolant 
Fuel bundle 
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FIGURE 4.3 –  FULL CANDU  CORE DIAGRAM, SHOWING CALANDRIA VESSEL, THREE FUEL 
CHANNELS AND COOLANT FEEDERS, AND END SHIELDING ASSEMBLIES. INSET: CLOSE-UP OF FUEL 
BUNDLES WITHIN FUEL CHANNEL, WITH PRESSURE AND CALANDRIA TUBES AND ANNULUS GAS 
SPACE. CORE DIAMETER OF  EC6 REACTOR IS 7.6 METRES. CORE CONTROL DEVICES OMITTED 
FOR CLARITY [440]. 
Due to the insulating annulus gas, most of the core heat will be carried away 
by the coolant, and only 4% will be transferred to the calandria [68]. 
Refuelling can be carried out continuously at full power, with an average of 
2-3 channels being refuelled daily. In the UK CANMOX reactors, refuelling 
operations will be carried out by inserting two new fuel bundles and 
ejecting two spent bundles from each channel being refuelled, with channels 
to be refuelled selected according to channel burnup, and acceptable power 
profiles and ramping. Refuelling will carried out in both directions, with 
adjacent channels refuelled in opposite directions. Reactivity control will be 
carried out using a combination of chemical shim control through addition 
of gadolinium to the moderator, the addition of boron to the coolant, a range 
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of adjuster and supplemental absorber rods which are lowered vertically 
into the calandria, and by “liquid zone control” where vertical tubes spaced 
through the core will be filled with or emptied of light water. Emergency 
shutdown will be achievable by two mechanisms, either through the use of 
shut-off rods, or through moderator poisoning by rapid gadolinium injection 
[68]. 
The EC6 reactor is designed for an operational lifetime of 60 years, with a 
mid-life shut down period for refurbishment of key reactor components, 
most notably the pressure tubes which hold the fuel bundles and carry the 
pressurised heavy water coolant [441]. During normal reactor operation the 
pressure tubes undergo thermally induced creep and increase in diameter, 
leading to bulk coolant flow around the bundles, leading to reduced cooling 
of the inner fuel elements. Thus they must be replaced to maintain proper 
coolant flow through the fuel bundles.  
Some geometric and operating parameters of the CANDU 6 and Enhanced 
CANDU 6 are summarised in Table 4.1 [382]. The Enhanced CANDU 6 
reactor core design specifications are similar to those of the CANDU 6 
reactor, with slight differences in operating power, pressure tube and 
calandria tube wall thicknesses, and the number and placement of control 
rods and safety devices. 
Further details on CANDU reactor technology are available in a web-based 
textbook [20]. 
4.1.3 UK CANMOX FUEL 
In the UK CANMOX proposal, each EC6 reactor would consume ~ 1.3 t/yr of 
plutonium, thus requiring four units running over a 30 year lifetime to 
consume the UK stockpile [63]. It is anticipated that following mid-life 
refurbishment the reactor would then be operated for the second 30 years 
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of its life with a uranium based fuel. The NDA have declared the proposal to 
be a “credible” option [64].  
TABLE 4.1 –  MAIN GEOMETRIC AND OPERATING PARAMETERS OF THE CANDU  6 REACTOR 
[383] AND THE ENHANCED CANDU  6 REACTOR [63, 382, 437, 438, 442]. 
REACTOR NAME CANDU 6 ENHANCED CANDU 6 
Thermal power 𝑃𝑡ℎ /MWth 2061 2084 
Thermal efficiency 𝜂𝑡ℎ  34.6% 35.5% 
Design lifetime /yr 40 60 
Design capacity factor 𝐶𝑓 85% 94% 
Core length /mm 5944 5944 
Calandria inner radius /mm 3800 3797.5  
Calandria outer radius /mm - 3826.1 
Number of fuel channels 380 380 
Fuel bundles per channel 12 12 
Channel lattice pitch /mm 286 286 
Average fuel burnup /MWd.kgU-1 7.154 7.500 
Pressure tube inner radius /mm 51.689 51.689 
Pressure tube outer radius /mm 55.879 56.389 
Calandria tube inner radius /mm 64.478 64.478 
Calandria tube outer radius /mm 65.875 65.998 
Number of adjustor rods 21 11 
Number of shut off rods 28 32 
 
The proposal suggests the use of two MOX fuels containing approximately 
2.5 wt% and 5.0 wt% plutonium, mixed homogeneously with depleted 
uranium. Such fuel blends would be fabricated into cylindrical pellets and 
then assembled into 43-element “CANFLEX” fuel bundles, as shown in 
Figure 4.4. CANFLEX bundles have two different fuel element diameters 
arranged in three concentric rings surrounding a central element [382]. The 
key fuel bundle geometric data is presented in Table 4.2. 
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The smaller diameter, outer fuel elements (35) will contain the MOX fuels, 
while the larger diameter, inner elements (8) containing dysprosium oxide 
(Dy2O3) dispersed in depleted uranium oxide perform the function of a 
burnable neutron absorber. The dysprosium provides the necessary 
neutron flux modification at the beginning of a bundle’s irradiation history 
to ensure equal burnup across the MOX fuels. The exact dysprosium loading 
data was not available to the author, and will likely be a modified parameter 
during fuel fabrication based on the isotopic composition of the incoming 
plutonium. 
  
FIGURE 4.4 –  LEFT: PHOTOGRAPH OF 43 FUEL ELEMENT CANFLEX FUEL BUNDLE . RIGHT: 
DIAGRAM SHOWING CANFLEX FUEL ELEMENTS IN PRESSURE TUBE (RED) WITH ANNULUS GAS 
SPACE (GREEN) CONTAINED WITHIN CALANDRIA TUBE (ORANGE). 
In UK CANMOX fuel, the outer ring of 21 elements contains ~ 2.5 wt% Pu 
within depleted uranium, while the intermediate ring of 14 elements 
contains ~5.0 wt% Pu, again within depleted uranium. As with the 
dysprosium loading fraction, the actual Pu fractions will be varied according 
to the isotopic composition of the plutonium used in order to flatten the flux 
profile across the fuel bundle. The CANFLEX bundle provides more efficient 
heat transfer to the coolant when compared to the currently used 37-
element CANDU fuel bundle [442].  
50 cm 
10 cm 
Calandria 
tube 
 
Annulus 
gas gap 
 
Pressure 
tube 
 
Fuel 
elements 
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A design discharge burnup of ~ 16,000 – 20,000 MWd/tHM has been 
proposed for UK CANMOX fuel, compared to ~ 7000 – 7500 MWd/tHM 
burnup within natural uranium fuelled CANDU reactors [63]. However, it 
has also been suggested that the discharge burnup may be ~ 14,000 – 
16,000 MWd/tHM [68].  
TABLE 4.2 –  GEOMETRIC PARAMETERS AND MASS DATA FOR A CANFLEX FUEL BUNDLE . A 
CALCULATED MASS IS GIVEN FOR UK CANMOX FUEL, BASED ON 2.5% DYSPROSIUM LOADING 
AND 96.6% THEORETICAL DENSITY [382, 443]. 
PROPERTY CENTRAL ELEMENT 
AND INNER RING OF 
ELEMENTS 
INTERMEDIATE AND 
OUTER RINGS OF 
ELEMENTS 
Number of elements 1 + 7 14 + 21 
Fuel pellet diameter /mm 12.58 10.65 
Fuel pellet length /mm 16.00 10.60 
Fuel element diameter /mm 13.50 11.50 
Pellets per fuel element 30 45 
Pellet stack length /mm 481.1 481.1 
Pitch circle radii /mm 
(ring radius to element centreline)  
17.34, 30.75, 43.84 
Intermediate ring offset rotation π/14 rad ≈ 12.857° 
Fuel bundle length /mm 495.3 
Fuel bundle outer diameter /mm 98.11 
Bundle structural (non-fuel) mass /kg 2.3 
Natural uranium mass in bundle /kgHM 17.98 
UK CANMOX fuel mass in bundle /kgHM 18.47 
 
Plutonium makes up ~ 2.4% of the total fuel mass of the mixed oxide in 
CANMOX fuel, i.e. ~ 480 gHM per fuel bundle. After irradiation the spent fuel 
from UK CANMOX is expected to still contain 1-2% plutonium. However, 
irradiation will induce a significant change in the isotopic composition of the 
plutonium, reducing its fissile quality.  
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4.1.3.1 SPENT FUEL MANAGEMENT 
UK CANMOX spent fuel will not be reprocessed prior to disposal, in order to 
maximise the proliferation resistance of the material. Spent fuel quantities 
from heavy water reactors are generally much greater than those from light 
water reactors for the same power output, as they operate with lower fuel 
enrichments and thus burn out the fuel fissile component more rapidly, 
necessitating more frequent refuelling. In comparison, the proposed burnup 
of MOX fuel in the UK EPR reactor is ~ 50,000 MWd/tHM [63, 444]. 
However, compared to light water reactor spent fuel, a given quantity of 
heavy water reactor natural uranium spent fuel can often be emplaced 
within a smaller footprint in a geological repository, as the fuel is less heat 
generating due to its lower burnup [68]. However, this may not be the case 
for more highly irradiated mixed oxide fuels containing significant 
quantities of plutonium. If thorium were to be introduced to this fuel it is 
likely that the heat generation would be further increased, as thorium spent 
fuel is more heat generating than uranium spent fuel at the 104 − 106 year 
time-scale [34, 334]. 
4.1.4 THE UK URANIC MATERIALS INVENTORY  
As well as the plutonium inventory built up from used fuel reprocessing, the 
UK also holds an inventory of uranic materials, including depleted uranium 
tails from enrichment activities, MAGNOX Depleted Uranium (MDU) from 
reprocessing of MAGNOX reactor fuels and ThORP Product Uranium (TPU) 
from reprocessing Advanced Gas-cooled Reactor (AGR) uranium oxide fuels. 
EDF Energy, the operator of the AGR fleet, also owns a significant quantity of 
TPU. The inventory is detailed in Table 4.3 [61, 445]. If these inventories 
were to be used in nuclear fuels the result would be to reduce the overall 
quantity of natural uranium required per kilowatt-hour of electricity 
generated in the UK.  
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4.1.5 USE OF URANIC MATERIALS IN THE EC6 
The Enhanced CANDU 6 is described as fuel flexible, and AECL have 
proposed multiple alternative fuelling regimes suitable for the reactor, 
including plutonium-thorium MOX fuels and reprocessed uranium fuels 
[446]. There is also ongoing work into the development of Natural Uranium 
Equivalent (NUE) fuels which blend depleted and reprocessed uranium 
stocks to produce a synthetic uranium oxide fuel with similar properties to 
natural uranium [447, 448]. It is intended that such NUE fuels will be used in 
the CANDU 6 reactors under construction at Qinshan in China. 
TABLE 4.3 –  SELECTED DATA ON UK URANIC MATERIALS INVENTORIES AS OF 1 APRIL 2013  
[61, 382, 445]. 
MATERIAL OWNER ESTIMATED 
QUANTITY /t 
UF6 tails stored at Sellafield and URENCO 
Capenhurst site 
NDA/URENCO 21500 
MAGNOX Depleted Uranium stored at 
Sellafield 
NDA 26000 
ThORP Product Uranium stored at 
Sellafield 
NDA 300 
ThORP Product Uranium stored at 
Sellafield and reactor sites 
EDF Energy 3110 
ThORP Product Uranium, predicted 
future arisings to ThORP closure 
EDF Energy 2200 
 
4.1.6 ALTERNATIVE EC6 FUELS 
The work described here details initial studies into alternative two- and 
three-component nuclear fuel concepts for the Enhanced CANDU 6 reactor. 
Neutronic feasibility studies and nuclear fuel materials availability 
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assessments have been undertaken regarding the use of U-Pu and U-Pu-Th 
nuclear fuels in the EC6 PHWR.  
Two-component fuels comprise a uranium-plutonium mixed oxide fuel, i.e. 
traditional MOX. In three-component fuels, thorium fuel elements are 
proposed to replace the burnable absorber elements as used in UK CANMOX 
fuel, with U-Pu MOX in the intermediate and outer rings of fuel elements as 
the fissile driver. In order to do this, thorium in the fuel would have to 
satisfy two key criteria: 
1. Reduce the initial excess reactivity of the fuel bundle due to the 
uranium and plutonium loading. 
2. Undergo conversion over time as the fissile content of the MOX fuel 
reduces to maintain a suitable reactivity profile over the fuel life in-
core. 
It is highly desirable that changes required to the fuel bundle and reactor 
design should be minimal, and that the proposed fuel should operate within 
the existing UK CANMOX safety case. In particular, the effectiveness of 
existing control and safety mechanisms should not be diminished, and heat 
generation limits should not be exceeded. 
It is anticipated that the replacement of burnable absorbers by thorium will 
have a positive impact on the long-term reactivity depletion of the fuel in the 
core. As the initial fissile content is consumed due to the material absorbing 
neutrons and undergoing fission, neutron captures on thorium will lead to 
the production of fissile uranium-233, theoretically reducing the rate of 
reactivity depletion in the core with burnup relative to two-component U-Pu 
MOX fuels. However, it may be that the rate of uranium-233 production is 
too low to have a meaningful effect, and thus the reactivity depletion rate 
will be similar to that of UK CANMOX. In this case thorium will still have 
some advantage over depleted uranium in that it will produce a much 
reduced quantity of additional plutonium. 
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4.1.7 FUEL MATERIAL RESOURCES 
Sources of nuclear fuel materials for the fissile drive elements include both 
current inventories and projected future reprocessing products from UK 
LWRs. The isotopic compositions of the various “lots” in the plutonium 
inventory have been reported as being either suitable for direct use in UK 
CANMOX fuel, or as able to be blended with other lots in the inventory to 
produce a fuel suitable for UK CANMOX use [68]. A small amount of the least 
fissile lots may be used for flux balancing during non-equilibrium operations 
such as the initial core fuelling or replacement of defective fuel bundles, or 
may be placed in regions close to the core edge for irradiation [68]. 
For LWR reprocessing product compositions, it was decided to use the 
AREVA EPR as the reference LWR. At the time of writing, 4 EPR reactors 
were planned for the UK, at the existing Hinkley Point and Sizewell sites, 
with the potential for several more to follow at other EDF-operated sites, 
particularly Hartlepool and Heysham, notwithstanding project financing and 
political issues [449]. 
Six uranium and three plutonium sources were considered. The uranium 
sources were depleted uranium tails, natural uranium, reprocessed uranium 
from an EPR with LEU fuel (LEU EPR RepU), reprocessed uranium from an 
EPR fuelled with U-Pu MOX (MOX EPR RepU), MAGNOX Depleted Uranium 
(MDU) and ThORP Product Uranium (TPU). The plutonium sources were an 
average plutonium composition from the UK inventory, reprocessed 
plutonium from an EPR with LEU fuel (LEU EPR Pu) and reprocessed 
plutonium from an EPR fuelled with U-Pu MOX (MOX EPR Pu). The isotopic 
compositions of these uranium and plutonium sources are listed in Table 4.4 
and Table 4.5 respectively. Only natural thorium was considered, being 
100% Th-232. 
The UK inventory plutonium composition listed in Table 4.5 represents only 
an average value for this material. The plutonium has been produced over a 
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period of 50 years, from the start of the weapons-grade plutonium 
production reactors in the 1950s, e.g. the Windscale Piles and the MAGNOX 
reactor fleet. Thus, this material will have experienced a range of burnup 
levels, in different reactors and reactor types, and different ageing periods 
prior to and since separation, giving a range of plutonium isotopic 
compositions with variable ingrowth of radioactive decay products, most 
notably americium-241. Of this highly variable material, only a small subset 
will be available for fuel fabrication at a given time, meaning that the fuel 
fabrication process must be flexible in order to produce a consistent fuel 
product [68]. Based on the tentative timescale in construction of EC6 plants 
in the UK, it is very likely that at least some of the plutonium will have been 
removed from the reactor more than 100 years prior to its irradiation 
within CANDU bundles. In this work the average composition from Table 4.5 
was used, although it will be necessary in future work to consider a range of 
Pu isotopic compositions which are representative of the lots in the 
inventory. 
TABLE 4.4 –  ISOTOPIC COMPOSITION OF URANIUM SOURCES CONSIDERED [62, 450]. 
MASS % 
SOURCE 
U-234 U-235 U-236 U-238 
Depleted uranium 0.001 0.25 0.00 99.75 
Natural uranium 0.006 0.72 0.00 99.27 
LEU EPR RepU 0.02 0.92 0.70 99.38 
MOX EPR RepU 0.00 0.10 0.02 99.88 
MDU 0.006 0.303 0.068 99.62 
TPU 0.02 0.89 0.25 98.84 
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TABLE 4.5 –  ISOTOPIC COMPOSITION OF PLUTONIUM SOURCES CONSIDERED [451, 452]. 
MASS % 
SOURCE 
Pu-
238 
Pu-
239 
Pu-
240 
Pu-
241 
Pu-
242 
Am-
241 
UK inventory Pu 0.21 72.0 23.7 1.55 1.08 1.51 
LEU EPR Pu 4.37 51.8 24.3 11.5 8.06 0.00 
MOX EPR Pu 5.90 33.3 31.3 12.4 16.8 0.00 
 
The concept fuels developed for this study were based on the CANFLEX fuel 
bundle, shown in Figure 4.4. While these concepts include two-component 
MOX fuels based on uranium and plutonium for comparative purposes, the 
larger focus is on the three-component fuels which also include thorium. 
Radial grading of the plutonium fraction in the intermediate and outer MOX 
rings will be employed to achieve a suitable flux profile and equivalent 
burnup in the MOX elements across the outer and intermediate rings. The 
separation of ThO2 and U-Pu MOX means the fuel components are 
neutronically coupled, but physically and chemically separated, thus 
minimising complexities in any reprocessing operations, as well as giving 
the neutronic advantages of heterogeneity in thorium fuels discussed in 
Chapter 2. If reprocessing were to be carried out it might begin with 
automated disassembly of the bundles, allowing separate treatment of U-Pu 
MOX and thorium oxide spent fuel elements. This would be necessary if, for 
example, the thorium elements were to be subjected to multiple irradiation 
cycles in order to breed additional U-233 [450].  
This separation of the fissile and fertile fuel regions is in-line with other 
thorium CANFLEX concepts [103]. The thermal neutron flux in the centre of 
the bundle is reduced due to the shielding provided by the MOX elements. It 
is anticipated that the neutronic coupling of thorium and plutonium will 
produce some mutual self-shielding effects. Neutron capture of both 232Th 
and 233Pa will be reduced due to captures by isotopes such as 238U, 240Pu and 
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241Am present in the MOX, thus increasing the formation of 239Pu and 233U, 
whilst reducing 232U.  
4.2 NEUTRONIC ANALYSIS METHOD 
An empirical method was used to perform estimations of the neutronic 
feasibility in the various two- and three-component fuel combinations. 
Initially, 36 fuel bundle composition concepts were suggested, based on the 
various uranium and plutonium sources from Table 4.4 and Table 4.5. For 
each combination 1%, 2% and 3% plutonium loading fractions were 
considered in the MOX fuel elements. 
Initial analysis showed that reprocessed uranium from MOX-fuelled LWRs 
would perform less well than depleted uranium tails, and also be more 
costly to fabricate due to the hazards from its higher U-234 and U-236 
content, potentially necessitating the use of more costly radiation protection 
equipment and systems during fuel handling and fabrication. Natural 
uranium fuels were only considered as a basis for neutronic comparison, 
and were not intended as an actual concept for development, as such a fuel 
would go against the goal of reduced natural uranium resource utilisation. 
Only two fuels using ThORP Product Uranium were considered initially as it 
was believed that the available quantity of this material would be 
insufficient. The list of fuel concepts developed is given in Table 4.6. 
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TABLE 4.6 –  DETAILS OF FUEL CONCEPTS CONSIDERED BY COMPONENTS OF MOX AND 
WHETHER A THORIUM BLANKET WAS INCLUDED. CONCEPTS 10-18 ARE THE THREE-COMPONENT 
FUEL VERSIONS OF TWO-COMPONENT FUEL CONCEPTS 1-9 RESPECTIVELY. 
 
  
Fuel 
concept # 
Uranium Source Plutonium Source Includes 
thorium? 
1 Enrichment tails UK inventory No 
2 Enrichment tails LEU-fuelled EPR used fuel No 
3 Enrichment tails MOX-fuelled EPR used fuel No 
4 MAGNOX used fuel UK inventory No 
5 MAGNOX used fuel LEU-fuelled EPR used fuel No 
6 MAGNOX used fuel MOX-fuelled EPR used fuel No 
7 
LEU-fuelled EPR used 
fuel 
UK inventory No 
8 
LEU-fuelled EPR used 
fuel 
LEU-fuelled EPR used fuel No 
9 
LEU-fuelled EPR used 
fuel 
MOX-fuelled EPR used fuel No 
10 Enrichment tails UK inventory Yes 
11 Enrichment tails LEU-fuelled EPR used fuel Yes 
12 Enrichment tails MOX-fuelled EPR used fuel Yes 
13 MAGNOX used fuel UK inventory Yes 
14 MAGNOX used fuel LEU-fuelled EPR used fuel Yes 
15 MAGNOX used fuel MOX-fuelled EPR used fuel Yes 
16 
LEU-fuelled EPR used 
fuel 
UK inventory Yes 
17 
LEU-fuelled EPR used 
fuel 
LEU-fuelled EPR used fuel Yes 
18 
LEU-fuelled EPR used 
fuel 
MOX-fuelled EPR used fuel Yes 
19 
AGR used fuel (ThORP 
product uranium) 
UK inventory Yes 
20 Natural uranium UK inventory Yes 
21 
MAGNOX and AGR 
reprocessed U blend 
UK inventory Yes 
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4.2.1 NEUTRONIC COMPARISON FACTORS 
As the common fuel for CANDU reactors is natural uranium oxide, all fuel 
concepts studied in this work were compared to natural uranium as the 
reference fuel. The screening study was performed by comparing the 
neutron reproduction factor η and fission:capture ratio α-1 of each fuel 
concept to that of the reference fuel. The formula for neutron reproduction 
factor, which is the number of fast fission neutrons produced per thermal 
neutron captured in the fuel, is given in equation (4.1) [16]. 
 
𝜂 = 𝜈
𝜎𝑓
𝐹
𝜎𝑎
𝐹 =
∑ 𝑁𝑖
𝑗
𝑖=1 𝜈𝑖
∑ 𝑁𝑖
𝑗
𝑖=1
×
∑ 𝑁𝑖𝜎𝑓,𝑖
𝑗
𝑖=1
∑ 𝑁𝑖𝜎𝑎,𝑖
𝑗
𝑖=1
 (4.1) 
 
Where 𝜈 is the neutron multiplicity factor, that is the average number 
of neutrons produced per fission in the fuel,  
 𝜎𝐹 is the microscopic neutron cross section for fission (subscript 
𝑓) or absorption (subscript 𝑎) in the fuel 
 𝑗 is the total number of fuel isotopes, 
 𝑖  is an index representing each fuel isotope, and 
 𝑁 is the atomic density of the isotope in the fuel bundle. 
Americium in the plutonium inventory was accounted for in the estimation 
of neutron reproduction factor, although strictly speaking it should not be, 
given that it is not a fuel isotope.  
The fission:capture ratio 𝛼−1, which is the overall ratio of microscopic 
fission capture cross section to microscopic capture cross section, is 
calculated using equation (4.2). The difference between the absorption cross 
section and the fission cross section is the neutron capture cross section. 
 
𝛼−1 =
𝜎𝑓
𝐹
𝜎𝑐
𝐹 =
𝜎𝑓
𝐹
𝜎𝑎
𝐹 − 𝜎𝑓
𝐹 =
∑ 𝑁𝑖𝜎𝑓,𝑖
𝑛
𝑖=1
∑ 𝑁𝑖(𝜎𝑎,𝑖 − 𝜎𝑓,𝑖)
𝑛
𝑖=1
 (4.2) 
 
Where 𝜎𝑐
𝐹 is the microscopic neutron cross section for capture in the 
fuel. 
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The calculation method used for the initial screening study does not account 
for the neutronic contributions of structural materials, moderator or 
coolant. Only the fuel isotopes themselves are considered. The results of the 
calculations therefore do not give an absolute value for the whole core 
reproduction factor or fission:capture ratio. Instead results are presented as 
comparisons against the reference natural uranium fuel, as well as a number 
of operating and proposed fuel compositions calculated using the same 
method. The contribution of non-fuel materials is constant for all fuel 
compositions, and so at this stage of the work these were ignored. All 
calculations are for fresh, unirradiated fuel at its beginning of life (BOL) in 
the core.  
4.2.2 HOMOGENEOUS CORE ISOTOPIC ATOMIC DENSITY ESTIMATION 
The atomic densities of the atoms of each isotope were estimated as follows. 
The total mass of each isotope of uranium, plutonium and thorium present 
in the concept fuel bundle was determined from the geometry of the fuel 
pellet stacks [447], the material density [453] and isotopic composition 
data. Pellets were assumed to be idealised uniform cylinders of 95% relative 
density. The MOX density was estimated by linear interpolation of the 
densities of its components. 
For this screening study it was assumed that the fuel isotopes were 
homogeneously distributed through the volume of the fuel bundle (3744 
cm3). The masses of each isotope were then used to determine an atomic 
density for each isotope across the fuel bundle volume. Although such a 
homogeneity assumption will significantly impact the absolute precision of 
the calculation, the results are presented in relative terms, allowing for 
comparison only. Further study will be required to determine absolute 
performance. 
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4.2.3 NEUTRON INTERACTION DATA LIBRARY 
Neutron interaction data libraries contain data collected from a range of 
analyses, and provide information on a range of nuclear interaction 
properties and probabilities, such as radiative capture, scattering and fission 
cross sections and fission yields. The main libraries are JENDL [45], JEFF 
[454] and ENDF/B [455]. In this work the JENDL-4.0 library was used, as it 
contains data for all isotopes of interest in the problem, and has been used 
previously for the analysis of CANDU 6 cores [456]. Previous models using 
JENDL-4.0 have produced results which fall between those of other data 
libraries, such as ENDF/B-VI.8, ENDF/B-VII, and JEFF3.1.1 when studying 
fuel temperature coefficients of reactivity using MCNPX [456]. While other 
libraries are more commonly used, comparative data for CANDU reactors is 
lacking in the literature.  
4.2.4 ONE GROUP REACTOR THEORY 
The initial screening study used a one group reactor assumption, where only 
thermal neutron interactions were considered, ignoring fast neutron 
induced fissions or resonant captures. This is not a realistic assumption, but 
allows for an initial analysis of the core, and should be suitable for a 
comparison across the different fuel compositions with a well moderated 
core. 
Some additional fissions are caused by fast neutrons, however, the 
microscopic cross sections for fast fissions are generally much lower [45]. 
The heavy metal to deuterium ratio of the core was calculated as 1:75-80 
(see Table 4.9), and it is generally recommended that the contribution of 
fast fissions can be ignored for fuel:moderator ratios of 1:50 or greater 
[457]. In real CANDU reactors, fast neutron induced fissions typically 
increase the number of fast neutrons in the core by 3% over those from 
thermal fissions [458]. Thus not including fast fissions will not greatly 
impact the analysis.  
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4.3 NEUTRONIC ANALYSIS RESULTS 
Thermal neutron interaction data from the JENDL-4.0 data library at 300 K 
were used to predict the macroscopic cross sections for fission, capture and 
scattering, the reproduction factor η and fission:capture ratio α-1. These last 
two are presented in Table 4.7, which shows the calculated neutronic 
parameters across a range of known fuels.  
TABLE 4.7 –  CALCULATED NEUTRON REPRODUCTION FACTORS 𝜂 AND FISSION:CAPTURE RATIOS 
𝛼−1 FOR A SELECTION OF FUELS EITHER PREVIOUSLY REPORTED IN THE LITERATURE OR IN 
OPERATION. RESULTS ARE ALSO SHOWN NORMALISED AGAINST NATURAL URANIUM FOR 
COMPARISON WITH THIS REFERENCE FUEL. 
 
Table 4.8 shows the results from the neutronic feasibility assessment for 
fuel concepts 1-20. The results are normalised to those of natural uranium, 
and as such values greater than unity are taken to indicate neutronic 
feasibility for the fresh unirradiated fuel. The effect of thorium can be seen 
by comparing the three-component fuel of interest to the equivalent MOX 
two-component fuel. Fuel concept 21 is discussed in Section 4.6.2. 
  
FUEL CONCEPT DESCRIPTION 
CALCULATED 
RESULT 
NORMALISED TO 
NATURAL URANIUM 
𝜼 α-1 𝜼 α-1 
Natural uranium 1.35 1.25 1.00 1.00 
1.2% enriched UO2 1.57 1.82 1.16 1.46 
2.5% enriched UO2 1.80 2.86 1.33 2.30 
2.5% UK inventory Pu in DU host [63]  1.74 1.54 1.29 1.24 
1.8% (U-Th)O2 [450] 1.49 1.60 1.11 1.28 
EPR reprocessed uranium 1.46 1.49 1.08 1.20 
0.65% UK inventory Pu in DU host 
[452] 
1.42 1.06 
1.06 0.85 
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TABLE 4.8 –  CALCULATED RELATIVE REPRODUCTION FACTORS AND FISSION:CAPTURE RATIOS 
FOR TWO AND THREE-COMPONENT MOX CONCEPTS WITH 1%, 2% AND 3% BY MASS PLUTONIUM 
LOADING IN MOX FUEL ELEMENTS. NORMALISED TO NATURAL URANIUM VALUES. 
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4.4 NEUTRONIC ANALYSIS DISCUSSION 
As can be seen in Table 4.8, two-component mixed oxide nuclear fuels based 
on depleted uranium (concepts 1-3) require a minimum loading of ~2-3 
wt% Pu to be comparable with natural uranium. Reprocessed uranium from 
MAGNOX reactors (concepts 4-6) provides a minor neutronic advantage 
when compared to uranium enrichment tails. In practice such an advantage 
may not outweigh the costs introduced to fuel fabrication when working 
with irradiated uranium. The LEU-fuelled EPR reprocessed uranium 
(concepts 7-9) provides a significant neutronic benefit, allowing lower 
plutonium fractions when compared to other fuels, potentially maximising 
the energy value of the plutonium. Three-component fuels (concepts 10-18) 
suffer significant neutronic penalties due to the replacement of some fissile 
material by thorium when compared with their equivalent two-component 
MOX fuels. Thus, they require increased plutonium loading to offset the use 
of fertile material. At 1% plutonium loading only fuels 16, 17 and 19 have 
both normalised neutronic values greater than or equal to unity, suggesting 
a requirement for enriched uranium if comparable performance levels are 
desired with such loading. Conversely, higher plutonium fractions allow the 
use of lower quality fissile uranium resources.  
Some three-component fuels are comparable with the 2.5% UK plutonium 
MOX fuel, specifically fuel concepts 16, 17, 19 and 20. However, ~ 5% Pu 
would be required to match the calculated reproduction factor and 
fission:capture ratio of the UK CANMOX mimic.  
As would be expected the isotopic composition of plutonium used has a 
large impact on neutronic performance. Variation in the input plutonium 
will require the fraction of plutonium used to be altered to maintain 
consistency in the fuel product. 
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4.4.1 CONCEPTS FOR DEVELOPMENT 
Fuel concepts 17 and 19 are of interest for further development as they both 
provide options for management of separated nuclear materials, including 
the UK’s plutonium inventory. Fuel concept 19 can allow the reuse of 
reprocessed uranium stocks from AGR reactors while irradiating separated 
UK pluontium, whereas fuel concept 17 gives an alternative option to LWR 
MOX where closed fuel cycles are used. Two other concepts which have 
neutronic feasibility, although more limited utility, are fuel concept 16, as it 
requires reprocessing of EPR spent fuel but does not manage the produced 
plutonium, and fuel concept 20, as it uses natural uranium, thus requiring 
additional natural uranium resources. 
4.5 MULTIPLICATION FACTOR CALCULATION 
The neutron reproduction factor and fission:capture ratio do not give a 
complete representation of homogeneous reactor neutron multiplication. To 
estimate the impact of other reactor materials and the moderator on 
neutronic performance, a more in-depth calculation has been performed on 
selected fuels to estimate their effective neutron multiplication factor, as 
was first discussed in Section 2.1.2. The studied fuels consisted of 2.5% UK 
plutonium MOX fuel with a range of dysprosium burnable absorber loadings 
and fuel concepts 17 and 19 with a range of plutonium loadings, with 
natural uranium in a 37-element CANDU bundle used as a reference. The 
reproduction factor is one of the factors in the estimation of the effective 
neutron multiplication factor within a reactor 𝑘𝑒𝑓𝑓, as given in equation 
(4.3) [17, 19]. 
 𝑘𝑒𝑓𝑓 = 𝜂𝜀𝑝𝑓𝑃𝐹𝑁𝐿𝑃𝑇𝑁𝐿 (4.3) 
 
Where 𝑘𝑒𝑓𝑓 is the effective neutron multiplication factor,  
 𝜀 is the fast fission factor, 
 𝜂 is the neutron reproduction factor, 
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 𝑝 is resonance escape probability, 
 𝑓 is the thermal utilisation factor, 
 𝑃𝐹𝑁𝐿 is the fast neutron non-leakage probability, and  
 𝑃𝑇𝑁𝐿 is the thermal neutron non-leakage probability. 
The calculation of the parameters in Equation (4.3) requires information on 
the mass of moderator and coolant, structural zircaloy-4, fuel and carbon 
dioxide annulus gas in the core. These have been estimated from data in 
Table 4.1 and are presented in Table 4.9. The structural materials 
considered are the pressure and calandria tubes, the fuel bundle structures, 
but not the calandria vessel or other components such as control rods or 
dissolved gadolinium in the moderator. The mass of carbon dioxide depends 
on the annulus gas system operating pressure, typically 25-100 kPa [459]. 
The gas temperature was set to 179°C, the average of the coolant and 
moderator temperatures [438, 460]. The sensitivity of the neutronic results 
to the annulus gas pressure is expected to be negligible, given the small 
interaction cross sections and the low mass fraction in the core of this 
material. 
TABLE 4.9 –  MASS OF MATERIALS IN HOMOGENEOUS CORE .  
MATERIAL MASS /t 
Heavy water moderator 263 
Heavy water coolant 7.13 
Carbon dioxide annulus gas ~3-12 
Structural Zircaloy-4 19.47 
Fuel ~100 (varies by composition) 
 
Thermal neutron cross sections and resonance capture integrals were taken 
from the JENDL-4.0 library [45] and used to determine the thermal 
utilisation factor 𝑓, resonance escape probability 𝑝, thermal non-leakage 
probability 𝑃𝑇𝑁𝐿  and fast non-leakage probability 𝑃𝐹𝑁𝐿 , as defined in the 
literature [16, 17, 19].  
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The fast fission factor 𝜀 was set to unity, although in most reactors it is 
slightly greater than unity [17, 461]. The atomic moderator-to-fuel ratio for 
the core has been estimated as 75-80:1, based on the calculated masses of 
fuel and moderator in the core. For such high ratios of moderator-to-fuel it 
can be assumed that neutrons are rapidly brought to thermal energies, and 
fast fissions are sufficiently rare to take 𝜀 = 1 [457]. The tendency towards 
unity with increasing moderator-to-fuel ratio may be estimated empirically, 
and it can be seen that even at ratios of 5:1, it is approximately 1.03 for 
heavy water moderated systems [461]. 
The calculation of neutronic factors here is conducted for a complete core of 
unirradiated plutonium-containing fuel bundles. However, in operation the 
core will contain fuel bundles with a full range of burnup levels. Less fissile 
plutonium bundles will also be used during the core life, as a means of 
irradiating low quality plutonium which cannot by itself sustain a critical 
chain reaction [68].  
4.5.1 NATURAL URANIUM REFERENCE FUEL 
Calculations of 𝑘𝑒𝑓𝑓, 𝑝, 𝑓, 𝜂, 𝑃𝐹𝑁𝐿 and 𝑃𝑇𝑁𝐿 were carried out for natural 
uranium fuel within a standard 37-element CANDU fuel bundle. The results 
for the natural uranium fuel are shown in Table 4.10. Typical values for 
these values from the literature are also presented.   
There is some significant divergence between calculated and typical values, 
with the greatest variation being between the values for the reproduction 
factor. This variation may be due to the one group neutron energy 
approximation, as all neutron interactions are assumed to occur at thermal 
energy, or the idealized cylinder approximation applied to the fuel pellets, 
although this approximation should only reduce the overall fuel mass in a 
bundle by approximately 2% [462]. In addition, the reported typical values 
may be average values over the core life, rather than for a core of fresh fuel. 
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TABLE 4.10 –  CALCULATED INITIAL EFFECTIVE MULTIPLICATION FACTOR AND CONTRIBUTING 
VARIABLES FOR NATURAL URANIUM FUEL IN A 37-ELEMENT CANDU  BUNDLE [331].  FAST 
FISSION FACTOR 𝜀 ASSUMED TO EQUAL UNITY. ALSO SHOWN ARE TYPICAL VALUES FOR NATURAL 
URANIUM-FUELLED CANDU  REACTORS [431]. 
FACTOR 
CALCULATED 
VALUE 
TYPICAL 
VALUE  
CALCULATED 
TYPICAL 
𝑘𝑒𝑓𝑓  multiplicity  
 factor 
1.131 1.03 1.10 
𝜂  reproduction  
 factor 
1.349 1.2 1.12 
𝜀 fast fission  
 factor 
Assumed 
1.00 
1.03 0.97 
𝑝 resonance escape 
 probability 
0.875 0.9 0.97 
𝑓 thermal utilisation 
 factor 
0.977 0.95 1.03 
𝑃𝑇𝑁𝐿 thermal non-leakage 
 probability 
0.991 0.98 1.01 
𝑃𝐹𝑁𝐿 fast non-leakage 
 probability 
1.000 0.995 1.01 
 
4.5.2 UK CANMOX MIMIC REFERENCE FUEL 
As the proposed dysprosium burnable absorber loading in the UK CANMOX 
fuel was not known, calculations were undertaken to determine the effect of 
Dy loading on neutronic parameters for the 2.5% UK plutonium MOX fuel. 
The mass fraction of dysprosium in the inner eight fuel elements was varied, 
and the neutronic parameters were calculated for each loading level. The 
results are presented in Figure 4.5. The assumption of 𝜀 = 1 was used in all 
cases, and as such this factor is independent of dysprosium loading in this 
model.  
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FIGURE 4.5 –  EVALUATED VALUES OF NEUTRONIC FACTORS AS AFFECTED BY DYSPROSIUM 
BURNABLE ABSORBER LOADING IN UK CANMOX FUEL. FAST FISSION FACTOR AND LEAKAGE 
FACTORS WERE VERY CLOSE TO UNITY FOR ALL Dy LOADING FRACTIONS, AND SO ARE NOT 
SHOWN. 
In the empirical model used it was found that most parameters are little 
affected by the dysprosium loading fraction. With increasing Dy fraction: 
 𝜂 slightly increases as the amount of depleted uranium decreases, 
due to the depleted uranium having a very low fissile fraction.  
 𝑃𝐹𝑁𝐿  and 𝑃𝑇𝑁𝐿 were expected to increase with increasing dysprosium 
loading, as thermal neutrons (with energy 0.0253 eV) are more likely 
be absorbed by dysprosium (𝜎𝑎 = 942.4 barn) than by depleted 
uranium (𝜎𝑎 = 4.427 barn) [45], thus increasing overall thermal 
neutron absorptions with increased dysprosium loading. However, 
the leakage parameters were found to be close to unity for all 
examined dysprosium loadings. This is because the thermal non-
leakage probability approximation used is a function of the core 
geometry and moderator material only, and is therefore not affected 
by the Dy fraction.  
 𝜀 was taken as unity throughout.  
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 𝑝 slightly decreases, due to the large resonance capture integral 
(1401 barn) of natural dysprosium. 
 𝑓 decreases strongly, due to the increasing absorption of thermal 
neutrons in the burnable absorber. 
 𝑘𝑒𝑓𝑓 decreases strongly being driven by decreasing thermal 
utilisation, and was found to equal unity when dysprosium was set to 
3.815wt%. 
As can be seen in Figure 4.5, the 2.5% UK plutonium MOX fuel has an initial 
𝑘𝑒𝑓𝑓 that is heavily dependent upon the level of loaded burnable absorber. 
With no initial dysprosium 𝑘𝑒𝑓𝑓 can be up to 1.49, falling to a value of 1.00 
with 3.815% Dy loading. An equivalent initial multiplication factor to the 
reference fuel may be achieved with 2.367% Dy. While the actual fraction of 
Dy loading is unknown, it can be assumed that the loading is unlikely to be 
greater than 4% Dy metal by mass in the eight central fuel elements.  
Over the course of the fuel irradiation, it is anticipated that the plutonium 
and dysprosium will both deplete and fission product poisons will build up, 
gradually reducing fuel reactivity until it reaches the point where it must be 
removed from the core. 
4.5.3 BUCKLING CONSTANT METHOD 
An alternative approach to determine criticality in nuclear systems is based 
on the calculation of buckling constants. This is also used here, as a 
comparison to the method described in Section 4.2. The method is based on 
an analytical solution of the Helmholtz Equation, of which full derivations 
are available in the literature [17]. A reduced derivation is provided here. 
Neutron diffusion may be expressed through Fick’s diffusion law. When 
applied to neutron diffusion, the law is given by Equation (4.4). 
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 𝑱 = −𝐷𝛻𝜙 (4.4) 
 
Where 𝑱 is the neutron density vector, or neutron current, 
 𝐷 is the neutron diffusion coefficient,  
 𝛻 is the gradient vector operator, and 
 𝜙 is the neutron flux. 
The diffusion coefficient is approximated from the mass number of the 
scattering nucleus, as shown in Equation (4.5). Note that the approximation 
of ?̅? is valid for atoms of mass greater than carbon-12 [17], although a more 
complex expression can be used which is valid for lighter nuclei [16]. 
 𝐷 =
1
Σ𝑠(1 − ?̅?)
=
1
Σ𝑠 (1 −
2
3𝐴)
 (4.5) 
 
Where Σ𝑠 is the macroscopic scattering cross section of the target 
 ?̅? is the average cosine of the neutron scattering angle, and 
 𝐴 is the mass number of the scattering atom. 
Neutron leakage from a system may be calculated based on Equation (4.4) 
by multiplying by the rate of change of neutron flux across the reactor 
volume, as given in Equation (4.6). 
 𝑙 = div 𝑱 = −𝐷𝛻2𝜙 (4.6) 
 
Where 𝑙 is the neutron leakage rate from an element volume. 
The rate of generation of thermal neutrons from fission in an infinite reactor 
is given by Equation (4.7). 
 𝑠 = Σ𝑓𝜙 × 𝜀𝑝𝜈 = 𝑘𝑖𝑛𝑓Σ𝑎𝑅𝜙 (4.7) 
 
Where 𝑠 is the thermal neutron production rate,  
 Σ𝑓 is the macroscopic fission cross section, 
 𝑘𝑖𝑛𝑓 is the infinite neutron multiplication factor, and 
 Σ𝑎𝑅 is the macroscopic absorption cross section of the reactor. 
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In an infinite nuclear reactor, the rate of change of the neutron population 
over time is as given by Equation (4.8), where the first term on the right 
hand side is the rate of thermal neutron production, the second term is the 
rate of thermal neutron absorption and the third term is the rate of thermal 
neutron leakge 
 −
1
𝜈
𝛿𝑛
𝛿𝑡
= 𝐷𝛻2𝜙 − Σ𝑎𝜙 + 𝑘𝑖𝑛𝑓Σ𝑎𝑅𝜙 (4.8) 
 
Where 𝑛 is the neutron population in the system, and  
 𝑡 is time. 
Under critical conditions where the neutron population is time independent 
the left hand side of Equation (4.8) equals zero. This is known as the steady 
state diffusion equation.  
 
Σ𝑎
𝐷
=
1
𝐿2
 (4.9) 
 
Where 𝐿 is the thermal neutron diffusion length in the moderator. 
Using Equation (4.9), when in steady state Equation (4.8) may be 
rearranged to give 
 
𝑠
𝐷
= 𝛻2𝜙 −
1
𝐿2
𝜙 (4.10) 
 
If it is assumed that all neutrons in the core are at thermal energy and that 
the core is homogeneous, the definition of 𝑠 from Equation (4.7) may be 
used with Equation (4.10) to give Equation (4.11). The ratio of thermal 
diffusion length to slowing down length in heavy water is 15.1, compared to 
0.55 for light water [17, 20]. For a CANDU reactor neutrons have long mean 
free paths and are rapidly thermalised in the calandria between fuel tubes. 
Thus these assumptions are respected for CANDU-type PHWRs. 
 0 = 𝛻2𝜙 + (
𝑘𝑖𝑛𝑓 − 1
𝐿2
)𝜙 (4.11) 
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The bracketed fraction in Equation (4.11) gives the reactor materials 
buckling constant 𝐵 as shown in Equation (4.12). 
 𝐵2 =
𝑘𝑖𝑛𝑓 − 1
𝐿2
 (4.12) 
 
Substituting Equation (4.12) into Equation (4.11) gives the reactor flux 
equation, also known as the Helmholtz equation, Equation (4.13). 
 0 = 𝛻2𝜙 + 𝐵2𝜙 (4.13) 
 
The solution of the Helmholtz equation relates geometry of the core to the 
properties of the core materials, creating a link between the length and 
radius of the Enhanced CANDU 6 core and the fuel composition which 
influences 𝑘𝑖𝑛𝑓 . 
The CANDU core is cylindrical. Under the assumptions taken in this model, 
the core is homogeneous, and thus all azimuthal positions are equivalent. 
The core shape is annotated in Figure 4.6. The dimensions 𝐻 and 𝑅 are the 
geometric boundaries of the core. In addition it is necessary to consider the 
“extrapolated” flux boundaries, where the neutron flux falls to zero beyond 
the geometric boundaries. These extrapolated boundaries are denoted as 𝐻′ 
and 𝑅′ respectively.  
 
FIGURE 4.6 –  CYLINDRICAL CORE SHAPE LABELLED WITH GEOMETRIC ANNOTATIONS AS USED IN 
BUCKLING CONSTANT DERIVATION. 
𝑧 
r radius = R 
H 
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The first term of Equation (4.13) may be expressed in cylindrical 
coordinates to yield Equation (4.14). 
 0 =
𝛿2𝜙
𝛿𝑟2
+
1
𝑟
𝛿𝜙
𝛿𝑟
+
𝑑2𝜙
𝑑𝑧2
+ 𝐵2𝜙 (4.14) 
 
It may be assumed that the flux shape is a product of two functions 𝐹(𝑟) and 
𝐺(𝑧), each of which is a function of one geometry component only, as given 
in Equation (4.15). 
 0 =
1
𝐹
𝛿2𝐹
𝛿𝑟2
+
1
𝐹𝑟
𝛿𝐹
𝛿𝑟
+
1
𝐺
𝑑2𝐺
𝑑𝑧2
+ 𝐵2𝜙 (4.15) 
 
It is assumed that the functions 𝐹(𝑟) and 𝐺(𝑧) are independent of one 
another and equal to two constants, −𝛼2 and −𝛽2 respectively. Thus the 
geometric buckling constant of the core is given in Equation (4.16). 
 𝐵𝑔
2 = 𝛼2 + 𝛽2 (4.16) 
 
The general solution of function 𝐺(𝑧) is given by 
 𝐺(𝑧) = 𝐴 sin 𝛽𝑧 + 𝐶 cos 𝛽𝑧 (4.17) 
 
As the flux shape must be symmetrical about the core centre plane where 
𝑧 = 0, and the flux must equal zero at the extrapolated boundaries of the 
core where 𝑧 = ±
𝐻′
2
,  
 𝐺(𝑧) = 𝐶 cos
𝜋𝑧
𝐻′
 (4.18) 
 
Thus, 
 𝛽 =
𝜋
𝐻′
 (4.19) 
 
In the radial direction, considering only function 𝐹(𝑟) and defining 𝑥 = 𝛼𝑟 
allows Equation (4.15) to be rewritten as  
 𝑥2
𝑑2𝐹
𝑑𝑟2
+ 𝑥
𝑑𝐹
𝑑𝑟
+ 𝑥2𝐹 = 0 (4.20) 
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This equation is Bessel’s ordinary function of zero order, of which the 
solution has two components, denoted 𝐽0 and 𝑌0, of which only the 𝐽0 
component is meaningful in reactor flux theory, as the 𝑌0 component 
approaches negative infinity at 𝑟 = 0. The 𝐽0 component has a zero at 𝛼𝑟 =
2.405. Thus, 
 𝐹(𝑟) = 𝐽0 (
2.405𝑟
𝑅′
) (4.21) 
 
Therefore, 
 𝛼 =
2.405
𝑅′
 (4.22) 
 
From Equations (4.19) and (4.22) the overall geometric buckling constant of 
the core may be calculated using Equation (4.16). The reactor geometric 
buckling constant 𝐵𝑔
2 was thus calculated to be 6.8 × 10−5 cm-2.  
According to the Helmholtz Equation, Equation (4.13), criticality is given by 
the condition where 𝐵𝑔 = 𝐵. When not accounting for the impact of 
reactivity control systems, and for a reactor core loaded with fresh fuel, one 
would expect the materials buckling constant 𝐵 > 𝐵𝑔. A plot of 𝐵/𝐵𝑔 as a 
function of dysprosium loading is presented in Figure 4.7. 
 
FIGURE 4.7 –  RATIO OF MATERIALS BUCKLING CONSTANT TO GEOMETRIC BUCKLING CONSTANT 
IN UK CANMOX FUEL AS A FUNCTION OF BURNABLE ABSORBER LOADING. 
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During irradiation within the core, the dysprosium will capture neutrons 
and thus reduce neutron absorption by fissile/fertile isotopes, lowering the 
thermal utilisation factor of the core and reactivity of the fuel bundle. 
Correct selection of the dysprosium loading fraction will reduce reactivity 
swing over the course of the bundle irradiation history.  
In order to determine whether a proposed three-component fuel can 
operate under the same conditions as UK CANMOX fuel, further work will be 
required to determine the relationship between fuel burnup, fertile 
conversion and reactivity depletion. The evolution of reactivity with fuel 
burnup will determine the initial plutonium loading and design discharge. 
The replacement of burnable absorber fuel elements by thorium elements 
will have a strong impact on these factors, and in particular it will be 
necessary to determine the rate of thorium conversion to uranium-233. 
Fuel composition as a function of burnup may be calculated by analytical 
methods [463], by time stepping through the burnup history while solving 
the neutron transport equation and the burnup equation cyclically [464]. 
Such approaches are mathematically onerous, and are now regularly carried 
out by numerical simulation methods, which are highly suited to the rapid 
evaluation of large matrices as encountered in solving the burnup equations. 
Such a numerical analysis is reported in Chapter 5 of this thesis. 
In order to gain an indication of an appropriate dysprosium loading as 
suggested by the buckling constant method, some points can be noted from 
Figure 4.7. When comparing buckling constants, the critical reactor 
condition where 𝐵 = 𝐵𝑔 is given when the dysprosium loading is 1.21%, for 
2.5% Pu MOX fuel. Higher dysprosium fractions would suggest a sub-critical 
initial core. An indicative operating point is given by normalising against the 
buckling constant of a core of natural uranium fuel, in which case 𝐵 should 
be set to 1.61𝐵𝑔. For this condition, the dysprosium loading fraction should 
be 0.55%.  
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Under both studied methods, the maximum dysprosium fraction has been 
found to be less than or equal to 4%, and may be significantly lower. The 
required fraction is however much more dependent on how the fuel 
composition evolves with burnup than the initial state, and only a burnup 
analysis of the type reported in Chapter 5 may give a definitive value for the 
dysprosium fraction. The range of values calculated here gives a useful 
starting point for this analysis. 
4.5.4 CONCEPT FUELS 17 AND 19 RESULTS 
The neutronic factors for fuel concepts 17 and 19 were found to be very 
similar. Those for concept 19 are presented in Figure 4.8. Only those factors 
which vary visibly as a function of plutonium loading are presented. As with 
the UK CANMOX mimic fuel, the fast non-leakage probability was found to 
be very close to unity, the thermal non-leakage probability was found to be 
0.99, and the fast fission factor was assumed to be 1.00. The thermal 
utilisation factor was found to be > 0.985 for all plutonium fractions. 
 
FIGURE 4.8 –  EVALUATED VALUES OF NEUTRONIC FACTORS AFFECTED BY PLUTONIUM LOADING 
IN PROPOSED FUEL CONCEPT 19. VARIABILITY BETWEEN CONCEPT 19 AND CONCEPT 17 IS 
MINIMAL. FAST FISSION FACTOR , THERMAL UTILISATION FACTOR AND LEAKAGE FACTORS WERE 
ALL CLOSE TO UNITY .  
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The proposed three-component fuel concepts have a highly variable 𝑘𝑒𝑓𝑓 
which reaches a maximum value at approximately 8.8% plutonium loading, 
although it remains within 90% of this maximum value over the range 2-
30% plutonium loading. Below approximately 4% Pu the reproduction 
factor reduces rapidly as the Pu fraction tends to zero. At high plutonium 
fractions additional plutonium has little impact on the reproduction factor, 
but resonance absorption has an increasingly negative impact on the 𝑘𝑒𝑓𝑓.  
The impact of very high plutonium loading may also be observed in the 
variation of the buckling constant with plutonium loading, as shown in 
Figure 4.9. The ratio 𝐵/𝐵𝑔 has a maximum at 16.4% plutonium loading, and 
decreases at higher plutonium fractions. The core is at least critical, that is 
𝐵 ≥ 𝐵𝑔, over the range 0.1 – 83.9% Pu loading in fuel concept 17, and 𝐵 ≥
1.61𝐵𝑔 over the range 0.1 – 81.1%. The change in 𝐵/𝐵𝑔 is very rapid for low 
plutonium fractions, further confirming that the initial reactivity of the fuel 
is highly sensitive to the plutonium fraction.  
 
FIGURE 4.9 –  VARIATION IN RATIO OF MATERIALS BUCKLING CONSTANT TO GEOMETRIC 
BUCKLING CONSTANT AS A FUNCTION OF AVERAGE PLUTONIUM LOADING IN OUTER AND 
INTERMEDIATE FUEL ELEMENTS.  
0
1
2
3
4
5
6
7
8
0.0% 20.0% 40.0% 60.0% 80.0% 100.0%
B
/B
g
Average Pu in outer and intermediate rings %wt (metal basis)
B/Bg fuel 17
B/Bg fuel 19
CHAPTER 4 Pu-Th FUEL OPTIONS FOR IRRADIATION IN HEAVY WATER REACTORS 
 
183 
 
High values of plutonium loading are presented for completeness, but these 
are not suggested for actual fabrication or reactor use, as high plutonium 
fuel would be more difficult to fabricate due to criticality safety 
requirements. There could also be a greater proliferation risk; 80% 
plutonium loading in a UK CANMOX bundle is 11.4 kgHM of plutonium, 
potentially a critical mass when assembled as a bare metal sphere [465]. 
The mass and geometry of a single bundle could make this a feasible target 
for theft. With 3.5% average loading as in UK CANMOX fuel, 23 bundles 
would be required for the same mass of plutonium, a much more difficult 
proposition. 
4.6 NUCLEAR MATERIALS AVAILABILITY FOR FUEL 
CONCEPTS 
In addition to neutronic feasibility, calculations were undertaken to 
determine whether there would be sufficient nuclear material to fuel one or 
more EC6 plants over the 30-year MOX operational period, in-line with the 
proposed timescale for UK CANMOX operation prior to the mid-life 
refurbishment of the reactors, after which they would be fuelled by uranic 
materials. It would be beneficial to perform the mid-life refurbishment after 
all MOX has passed through the plant, as the extended shutdown period 
would allow for an easier transition to uranium fuel.  
For fuels based on UK inventory materials, calculations were undertaken to 
determine the number of EC6 reactors required to consume the UK 
plutonium inventory over the course of the 30 year period, whilst ensuring 
the availability of sufficient uranium to produce the desired MOX 
component of the fuel.  
For fuels based on EPR reprocessing products an LWR:EC6 support ratio has 
been determined, based on the lifetime spent fuel production from an EPR 
and the EC6 fuel requirements. The LWR:EC6 calculations are for fuel 
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production/use in equilibrium, and do not take into account the transient 
availability of spent nuclear fuel from LWRs. In reality this may delay the 
operation of the UK CANMOX plant. As of March 2015, the first loading of 
MOX fuel was scheduled for 2028 [68]. At the time of writing it was 
projected that the first UK EPR operation would be in 2026 [466], with the 
first fuel being removed from the core approximately 18-24 months later. 
Allowing time for post-irradiation cooling (nominally 5 years) and 
reprocessing operations, it is unlikely that any reprocessed EPR materials 
would be available for fabrication into CANMOX fuel bundles before the 
mid-2030s.  
4.6.1 PLUTONIUM INVENTORY UTILISATION 
When producing fuels based on spent fuel and inventory material, the 
availability of material in sufficient quantity must be determined. The 
annual fuel requirement for an EC6 is calculated using equation (4.23) 
[467]. Values for 𝑃𝑡ℎ and 𝐶𝑓 were taken from Table 4.1. 
 
𝐹 =
𝑃𝑡ℎ × 𝐶𝑓
𝐵𝑈 × [
1 𝑦𝑒𝑎𝑟
365.24 𝑑𝑎𝑦𝑠]
 (4.23) 
 
Where 𝐹 is the annual fuel requirement in tHM, 
 𝑃𝑡ℎ is the reactor thermal power in MW 
 𝐶𝑓 is the reactor design capacity factor, and 
 𝐵𝑈 is the fuel burnup at discharge in MWd/tHM. 
Under the UK CANMOX proposal, 1.3 t of plutonium would be irradiated per 
reactor.year in four EC6 units. [68]. The mass of plutonium in a UK CANMOX 
bundle has been calculated as 480 g, thus giving 2690 fuel 
bundles/reactor.year which corresponds to a fuel burnup of 15,000 MWd/t 
calculated over a period of 30 years, the lower end of the burnup range 
quoted in the literature. When calculated over a period of 27 years, this 
burnup decreases to 13,300 MWd/tHM. The calculated burnup is sensitive, 
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however, to the quantity of plutonium irradiated per year. A change of 0.05 
tPu/reactor.year alters the burnup by ±510 MWd/tHM when calculated 
over 27 years.  
Three levels of plutonium fraction and discharge burnup were selected for 
initial investigation as three component fuels.  
 1.0% Pu, irradiated to 7000 MWd/t. Mimic for natural uranium fuel. 
 3.4% Pu, irradiated to 16,000 MWd/t. Mimic for UK CANMOX fuel. 
 8.4% Pu, irradiated to 20,000 MWd/t. Selected as giving the 
approximately the maximum value of 𝑘𝑒𝑓𝑓 for three-component fuels, 
using the highest cited value for burnup [63]. 
These were based on an assumption of equivalent reactivity depletion rate 
to the fuels they mimic. Whether the fuels can reach this level of burnup in a 
critical core was not determined at this stage, but three-component fuel 
reactivity depletion is studied in Chapter 5. Plutonium loading fractions 
were altered slightly to give complete utilisation of the UK plutonium 
inventory over 30 years in a fleet of EC6 units.  
Assuming equivalent reactivity depletion with natural uranium, for a fuel 
with similar neutronic parameters to natural uranium with 1.0%Pu and 
7000 MWd/t burnup, 102,200 kg/reactor.year of three-component fuel will 
be required, equivalent to 5760 fuel bundles per reactor.year, in six EC6 
reactors. 
For a fuel similar to the proposed UK CANMOX fuel with 3.4% Pu and 16,000 
MWd/t burnup, 44,800 kg/reactor.year of fuel (2520 fuel bundles) will be 
required, in four EC6 reactors. 
A three-component fuel with 8.4% average plutonium loading irradiated to 
20,000 MWd/t would require 35,900 kg/reactor.year of fuel (2010 fuel 
bundles), in two EC6 reactors. 
THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS 
 
186 
 
4.6.2 URANIUM INVENTORY UTILISATION 
Many of the proposed two- and three-component fuel concepts make use of 
reprocessed and depleted uranium stocks. Before developing any of these 
concepts further, it should be ensured that sufficient stocks of these 
materials are available. A fuel concept which could utilise significant 
quantities of the UK uranic materials inventory would give advantages in 
terms of maximising the energy value of this material and reducing the 
requirement for fresh uranium fuel.  
It may be necessary that some fraction of the uranic inventory be retained 
for use in an NUE fuel over the second 30 years of the EC6 fleet life. An EC6 
operating at 7000 MWd/t will consume 173,000 fuel bundles over a 30 year 
period, equivalent to 3110 t uranium. Blending of TPU and MDU to achieve 
the same reproduction factor as natural uranium fuel would require 71% 
TPU and 29% MDU, this being 2210 t TPU and 900 t MDU to produce 3110 t 
NUE fuel.  
The single reactor unit annual fuel requirements and 30 year fleet fuel 
requirements, broken down by element, for each of the three fuels discussed 
in Section 4.6.1 are displayed in Table 4.11.  
The data in Table 4.3 show that there will be 5600 t of TPU, 21,500 t DU tails 
and 26,000 t MDU available. The 1.0% Pu fuel cannot be produced from 
TPU; under this regime enough fuel could be produced for two EC6 units, 
irradiating only one third of the UK plutonium inventory. Tripling the 
plutonium fraction to 3% would naturally reduce the number of units by a 
factor of three at the same discharge burnup, bringing the TPU lifetime fleet 
requirement to 4620 t. However, this will lead to a greatly reduced 
plutonium isotopic conversion, again assuming that the rate of reactivity 
depletion between the three component MOX and natural uranium fuel is 
the same. 
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TABLE 4.11 –  FUEL MATERIALS REQUIREMENTS WITH PROPOSED THREE-COMPONENT FUELS. 
REQUIRED MASSES GIVEN PER REACTOR.YEAR AND FOR A FLEET OF UNITS CAPABLE OF 
IRRADIATING THE WHOLE PLUTONIUM INVENTORY OVER 30 YEARS. 
Pu%, BURNUP, 
NUMBER OF EC6 
UNITS IN FLEET 
ANNUAL MASS PER UNIT 
/tHM 
30-YEAR MASS OVER FLEET 
/tHM 
U Pu Th U Pu Th 
1.0% Pu  
7000 MWd/tHM 
6 EC6 units 
78.5 0.793 23.0 14100 143 4140 
3.4 % Pu  
16,000 MWd/tHM 
4 EC6 units 
33.5 1.18 10.1 4020 142 1210 
8.4% Pu  
20,000 MWd/tHM 
2 EC6 units 
25.5 2.34 8.04 1530 140 483 
 
The higher Pu fraction fuels as described in Table 4.11 could be fabricated 
with TPU. However, if TPU is required to be set aside for NUE fabrication for 
30 years in a single EC6, only 3400 t of TPU will available. From this 
material high Pu, high burnup fuels may be manufactured. However, the 
3.4% Pu fuel will not be able to be produced. The total amount of uranium 
may be made to 4020 t by blending 3400 t TPU with 610 t MDU, to give a 
slightly enriched uranium oxide with 0.8% uranium-235. For a 3.4% Pu fuel, 
this blending gives an overall reduction in 𝑘𝑒𝑓𝑓 of 0.33% compared to the 
use of unblended TPU. The reduction in 𝐵 was 0.92%. Fuels prepared from a 
blend of TPU and MDU are given the fuel concept number 21, as listed in 
Americium in the plutonium inventory was accounted for in the estimation 
of neutron reproduction factor, although strictly speaking it should not be, 
given that it is not a fuel isotope.  
The fission:capture ratio 𝛼−1, which is the overall ratio of microscopic 
fission capture cross section to microscopic capture cross section, is 
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calculated using equation (4.2). The difference between the absorption cross 
section and the fission cross section is the neutron capture cross section.. 
4.6.3 EPR REPROCESSING PRODUCT AVAILABILITY AND SUPPORT RATIO 
If three-component fuels were to be fabricated from EPR spent fuel as in the 
case of fuel concept 17, a support ratio of the number of EPR units per EC6, 
or vice versa, should be calculated. The various options for fuel plutonium 
fraction, composition, burnup, and the number of reactors of each type 
define a large envelope within which any real support ratio will be found. 
However, some possible scenarios with associated ratios are defined here. 
The concept of using LWR spent fuel to operate pressurised heavy water 
reactors is not new. The DUPIC (Direct Use of Used PWR fuel in CANDU) 
process, as its name suggests, consists of the refabrication of LWR spent fuel 
into CANDU bundles, with very little chemical separation; either the volatile 
fission products are removed, as a result of opening the fuel cladding and 
grinding the fuel pellets to powder for repressing as CANDU pellets, or 
alternatively LWR rods could be simply cut to length, have their ends 
capped or be placed into a CANDU sheath, and reassembled in CANDU 
bundles [468]. The work described here did not consider this direct use or 
dry reprocessing, and instead is based on a complete separation of the 
fission products and minor actinides from the uranium and plutonium. 
However, separation of uranium and plutonium from one another is not 
necessarily required, in-line with the aim of several advanced 
hydrometallurgical reprocessing cycles which do not separate completely U 
and Pu [74]. 
An EPR fuelled by 5% enriched UO2 over its life will produce 3400 spent fuel 
assemblies [469], giving a lifetime spent fuel production of 22.5 t Pu and 
1650 t U [451]. Currently, four EPR units are planned for the UK, giving a 
total fleet lifetime production of 90 t Pu and 6600 t U. If this fuel were to be 
reprocessed, EC6 plants with three-component MOX fuels might form a 
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route for the management of the plutonium and reprocessed uranium. Some 
fleet and fuelling options are presented in Table 4.12.  It can be seen that the 
full-life EPR:EC6 support ratio is between 2:1 and 1:1.  
In EPR spent fuel, plutonium makes up 1.4% of the total mass of plutonium 
and uranium. Thus, the 1.4% Pu three-component fuel is of particular 
interest, in that it can be produced by complete use of all plutonium and 
uranium from the EPR units, in a DUPIC-like fuel. It is highly desirable to 
determine the achievable discharge burnup of this fuel, as it could provide a 
method of increasing the energy value of EPR fuel while irradiating thorium 
to produce a supply of U-233 for use in starting a dedicated thorium fuel 
cycle. 
The higher plutonium enrichment levels are more likely to allow higher 
burnups to be achieved. However, some fraction of the uranium will be left 
over after MOX irradiation, although it could be dealt with as reprocessed 
uranium or natural uranium equivalent fuel. 
TABLE 4.12 –  POTENTIAL FUELLING OPTIONS FOR AN EC6 REACTOR FLEET BASED ON 
REPROCESSING PRODUCTS FROM FOUR EPR  UNITS.  
PU 
FRACTION 
IN MOX 
BURNUP 
/MWd.t-1 
NUMBER OF 
EC6 UNITS 
PER EPR 
60 YEAR 
FLEET U 
USAGE /t 
60 YEAR 
FLEET PU 
USAGE /t 
60 YEAR 
FLEET TH 
USAGE /t 
1.4% 10,000 2 6570 93.2 1930 
4.4% 16,000 1 1990 91.7 603 
5.4% 20,000 1 1580 90.0 483 
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4.7 CONCLUSIONS 
 
Three-component U-Pu-Th fuels have been studied using a simplified model, 
giving early indications of their potential feasibility for use in the Enhanced 
CANDU 6 reactor using the CANFLEX 43-element fuel bundle. Although the 
method is based on significant assumptions, results can be considered as at 
least indicative, as they are presented as relative to other fuels which have 
been studied previously in more detail, specifically the currently used 
natural uranium fuel, the proposed UK CANMOX fuel [63], low Pu-DU MOX 
fuels [452] and Pu-Th fuels [450].  
Two possible operation modes have been suggested. In “Inventory 
Management” mode, a fleet of two to six EC6 units would irradiate a three-
component U-Pu-Th oxide fuel over a 30-year period, where the uranium 
and plutonium would be taken from the existing UK inventory, while 
thorium would be supplied from either existing international inventories or 
through setting up the necessary nuclear fuel cycle facilities to supply 
primary thorium. Following an 18-month mid-life refurbishment, the plants 
would then be fuelled with a uranic fuel, which could be natural uranium, 
although the use of a blended NUE fuel based on UK reprocessed uranium 
stocks would be more advantageous from the perspective of natural 
resource utilisation and maximising energy value per unit of primary 
uranium.  Conceivably, some partially converted thorium fuel elements 
could be recycled into these fuel bundles, potentially allowing a thorium fuel 
cycle to be developed in the UK, depending on the degree of conversion that 
could be achieved in the thorium fuel elements. 
In “LWR Spent Fuel Management” mode, the used fuel from UK new build 
light water reactors could be reprocessed to separate the uranium and 
plutonium, which could then be refabricated into a MOX for use in a three-
component fuel. Nominally the light water reactor type would be the AREVA 
EPR, although other LWR LEU fuels could potentially also be used, such as 
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the Westinghouse AP1000, Hitachi-GE ABWR, or China General Nuclear 
HPR1000. Sizewell B fuel could also be reprocessed and used, although the 
reduced burnup and enrichment in this older reactor would give a 
significantly different used fuel isotopic breakdown. The three-component 
fuel would be irradiated over the full 60-year life of the EC6, following the 
full 60 year design life of modern Generation III+ LWRs such as the EPR. 
Plant Lifetime Extension (PLEx) of both plant types might occur, although 
given the requirement for mid-life refurbishment of EC6 plants it may be 
deemed uneconomical to refurbish a second time. If LWR PLEx is foreseen, 
the EC6 fuel characteristics may be altered to allow >60 years’ worth of LWR 
MOX to be irradiated within the EC6 lifetime. Currently the UK is moving 
away from nuclear fuel reprocessing, towards an open fuel cycle where 
spent fuel is disposed of directly, with the closure of existing reprocessing 
facilities between 2018 and 2020 and no plans for replacement facilities. 
However, the option to transition back to a closed fuel cycle remains open 
[53]. 
It is worth noting that both operation modes can run simultaneously in two 
sets of reactors, or sequentially within the same fleet, with 30 years of 
Inventory Management and 30 years of LWR Spent Fuel Management. 
Furthermore, blending of inventory materials with LWR spent fuel 
reprocessing products may also present further fuel options for 
development. 
Calculations indicate that, from a neutronic perspective, there are several 
feasible three-component fuel concepts which will allow operation of these 
fuel regimes. Based on these a recommendation is made to further develop 
fuel cycle options for a three-component fuel in the Enhanced CANDU 6 
reactor. The calculations were performed under assumptions of a 
homogeneous reactor core and equivalent reactivity depletion with other 
fuels in CANDU reactors, using only initial, unirradiated fuel compositions. 
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Heavy water reactors have a number of disadvantages when compared to 
light water reactors, including the greater production of spent fuel, the cost 
of the heavy water and the possibility of licensing difficulties due to their 
positive void coefficient [470]. However, the Enhanced CANDU 6, at low 
plutonium loading levels, should produce a large quantity of energy per unit 
mass of plutonium fuel and is a complete proposal for plutonium disposition 
based on generally very mature technologies. UK CANMOX will be a strong 
option for NNL when selecting an option for UK plutonium disposition if 
energy value is an important criterion. Three-component fuels can provide 
benefits over the proposed UK CANMOX fuel in terms of nuclear materials 
inventory utilisation, and the use of a thorium region in the fuel may be 
beneficial in terms of extending fuel lifetimes in the core as the thorium is 
converted to fissile uranium-233, while providing seed material for a 
thorium fuel cycle in the UK. 
4.7.1 RECOMMENDATION 
Of the various fuelling options discussed in this chapter, it is the author’s 
recommendation at this stage that both the Inventory Management and 
LWR Spent Fuel Management Options be further developed. The rapid 
disposition of inventory plutonium should be prioritised, and high burnup 
operation solely using inventory materials for the first 30 years of the EC6 
operation cycle will be effective in achieving this. If a suitably high discharge 
burnup can be achieved and other fuel performance and safety parameters 
respected, fuel concept 21 with ~3.4% Pu appears to be a very promising 
fuel option. For the second 30 years of operation, an NUE fuel is suggested 
based on the use of the remaining ThORP Product Uranium and a small 
amount of MAGNOX Depleted Uranium. A fleet of four EC units would be 
required for this. This would allow the use of all inventory plutonium as fuel, 
all ThORP Product Uranium and ~1500 t of MAGNOX Depleted Uranium. 
~1200 t of thorium could also be irradiated in this fuel. 
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With regards to LWR Spent Fuel Management, it is recommended to further 
develop fuel concept 17, based on a support ratio of one EC6 unit per two 
EPR units, operating with ~1.4% plutonium. While fuel burnup is expected 
to be low compared to the Inventory Management fuels, such a fuel would 
allow further energy value to be extracted from each unit of LWR fuel, while 
producing a quantity of partially converted thorium. Whether to implement 
such a reactor and fuel programme would depend upon the costs and 
benefits of using fresh uranium fuel in an LWR open fuel cycle versus the 
costs and benefits of reprocessing spent LWR fuel and using it in an EC6, 
when selecting nuclear generating capacity options to meet the energy 
needs of the UK.  
4.8 FUTURE WORK 
A significant amount of development work remains to be carried out before 
the most promising three-component fuel options from this screening study 
may be considered as a feasible option for use in a reactor core.  
4.8.1 NEUTRONIC INTERACTIONS IN A HETEROGENEOUS CORE 
The neutronic behaviour of the various fuel components with one another 
and with the other materials within the core must be studied. In particular it 
is anticipated that the use of multiple fuel materials together may produce 
complex neutronic interactions that cannot be easily predicted from the 
homogeneous simulations conducted here. Heterogeneous features of the 
fuel bundle and core will also have significant impacts which this study 
cannot foresee. These features have significant impacts on the core, and 
cannot be ignored, as was discussed in Section 2.9.1. 
4.8.2 IMPACT OF IRRADIATION HISTORY ON REACTIVITY AND POWER 
The irradiation history impacts on the fuel composition must be established 
with various levels of burnup, as well as the impact of burnup on fuel 
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reactivity. The EC6 reactor is refuelled continuously at full power, with 
several refuelling operations carried out per week according to the power 
profile and actual burnup of individual channels and bundles in the core. It 
will be necessary to determine if and how a core composed of multiple 
three-component fuel bundles can be operated. Linear fuel element power 
ratings are expected to be a strong limiting factor when determining 
plutonium loading limits, and thorium conversion may also drive increases 
in the element power. The neutronic parameters calculated in this work 
must be validated by a robust calculation. For these purposes a Monte Carlo 
neutronics simulation is suggested, using a stochastic modelling code such 
as MNCP [471], or alternatively a set of deterministic codes suitable for 
pressurised heavy water reactors, such as WIMS-AECL [472] and RFSP [473] 
or a combination of DRAGON [474] and DONJON [475]. 
A Monte Carlo neutronic analysis is presented in Chapter 5 of this thesis, in 
order to determine the behaviour of a heterogeneous fuel bundle with 
burnup. 
4.8.3 FUEL CYCLE INTEGRATION 
Additional studies would also need to consider fuel cycle options for such 
fuels – how they may be manufactured and handled before irradiation and 
how operators might deal with spent fuel bundles according to their heat 
generation and radiation field. Dynamic analyses of strategies for how such 
fuels might fit into the existing nuclear energy systems of the United 
Kingdom are suggested, using scenario assessment modelling tools such as 
DANESS [476]. 
4.9 SUMMARY AND DEVELOPMENT 
This work has suggested that there may be feasible EC6 reactor fuel 
compositions based on a reprocessed plutonium and uranium mixed oxide 
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fissile driver operating with a thorium oxide fertile region within CANFLEX 
fuel bundles. The necessary quantities of suitable plutonium and uranic 
materials to produce these fuels appears to be available in the United 
Kingdom nuclear materials inventory. Such fuels may also be produced from 
reprocessed LWR spent fuel, allowing additional energy per unit mass to be 
extracted from uranium fuel irradiated in UK new build light water reactors.  
This work represents a first step in the exploration of these fuel options, and 
further work is required before such fuels might be deemed to be feasible. In 
the following chapter, a neutronic simulation is performed to study the 
transient evolution of reactivity and fuel isotopics with burnup, while 
dispensing with the homogeneous fuel bundle assumption. 
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5 THREE-COMPONENT NUCLEAR 
FUEL SIMULATION IN THE 
ENHANCED CANDU 6 REACTOR 
In this chapter the most promising U-Pu-Th fuel concepts are simulated 
using a Monte Carlo neutronics package. The reactivity behaviour, element 
power distribution and isotopic composition are reported as a function of 
fuel burnup. Scenarios are suggested to incorporate the MOX into the UK 
fuel cycle. 
5.1 INTRODUCTION 
In the previous chapter a number of U-Pu-Th mixed oxide fuels were 
considered for use in the Enhanced CANDU 6 reactor. The calculation 
methods used were quite limited, considering one neutron energy group in a 
homogeneous reactor, and only the fuel composition at beginning of life 
(BOL). In this chapter these issues and others are addressed through a 
computational simulation. The aim was to determine the following: 
 The rate of reactivity depletion with burnup, in particular the 
average burnup at which fuel should be discharged from the core. 
This allows the refuelling rate and thus the annual and lifetime fuel 
requirements to be determined. 
 The relative power distribution in each ring of the fuel bundle, in 
order to better understand how the element power peaking is likely 
to vary over the irradiation history. Ideally all fuel elements would 
generate equal power, as this allows the average bundle power to be 
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higher without breaking power limits on individual elements, but this 
is not realistic in a real, dynamic core with multiple fuel materials, a 
non-flat power profile, and on-power refuelling. Thus, it is important 
to understand the power peaking across the bundle. 
 The evolving isotopic composition of the plutonium, uranium, 
thorium and dysprosium in UK CANMOX fuel and three-component 
fuel concepts 17 (LWR used fuel management), and 19 and 21 
(existing U/Pu inventory management). It is important to understand 
the rate of plutonium fission and conversion, and the plutonium 
isotopic vector in the final product. Likewise, the production and 
fission of 232U and 233U need to be analysed. This information will be 
a useful starting point in any future work on spent fuel handling and 
waste disposal.  
From the information above, the materials flow analyses from Chapter 4 
were further developed, and suggested fuel cycle options were analysed 
from the perspective of uranium and plutonium resource availability. 
5.1.1 NUCLEAR REACTOR CORE BEHAVIOUR SIMULATION 
The behaviour of operating nuclear reactors can be broken down into two 
major aspects: thermal-hydraulic behaviour, concerning heat transfer, 
temperature distribution and fluid dynamics, and neutronic behaviour, 
concerning criticality, power production, and fuel composition evolution 
with burnup. These two aspects are very much interlinked.  
The design of nuclear energy systems makes great use of numerical 
simulation in order to predict reactor behaviour. A variety of simulation 
codes have been produced which may be used for this purpose. Thermal-
hydraulic behaviour may be modelled by general computational fluid 
dynamics codes such as ANSYS Fluent, OpenFOAM, STAR-CD or Comsol CFD, 
although a large number of other codes are available, both commercial and 
open source.  
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Neutronic behaviour may be modelled deterministically or probabilistically. 
Probabilistic models use the Monte Carlo method, tracking a population of 
neutrons within a modelled reactor geometry and using statistical 
techniques to generalise the behaviour of this neutron population to the 
whole modelled system. Some examples of stochastic Monte Carlo codes are 
MCNP, KENO, TRIPOLI, SERPENT and OpenMC. Deterministic models 
predict the behaviour of the system by solving a discretised form of the 
neutron transport equation, often based on a reduced set of neutron 
interaction data, known as group constants. Some examples of deterministic 
codes are DRAGON/DONJON, PANTHER and APOLLO.  
In the modelling of CANDU reactors commonly used deterministic codes are 
combinations of WIMS-AECL [472] and RFSP [473] or DRAGON [474] and 
DONJON [475], as these codes were developed with such reactors in mind, 
although their capabilities are quite general, particularly those of DRAGON 
4.0. Probabilistic models have been studied in the literature, but no 
particular code stands out for use with CANDU/PHWR reactors, as the 
Monte Carlo method is not reactor specific. In this work a Monte Carlo 
lattice physics code was used to simulate the behaviour of three-component 
fuels, as the Monte Carlo method does not depend on the availability of 
suitable neutron group constant data, which was not readily available for 
the proposed fuels. Neutron group constants are used to reduce the large 
amount of neutron interaction spectra data into a small number (usually 
two or four) or energy groups, with averaged cross sections for all neutrons 
whose energies fall within a given energy range.  
5.1.2 THE MONTE CARLO METHOD 
The basis of the Monte Carlo technique is that the behaviour of a system 
may be determined by studying a large number of simple elements within 
the system, and then using statistics to generalise their behaviour in order 
to predict whole system behaviour. In neutronics, the simple elements are 
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individual neutrons. A reactor geometry is defined, and material properties 
applied to each element of the geometry. A population of neutrons is then 
randomly distributed over the geometry, the fate of each neutron is 
calculated, and a new generation of neutrons is generated. This process is 
repeated over a number of cycles, converging to the equilibrium state of the 
core, given the geometry and materials used. 
The greater the population of neutrons and number of iteration cycles for a 
given reactor geometry, the more accurate the converged solution. However, 
both of these parameters are proportional to the computational time 
required, and increasing the number of neutrons also increases the 
computer memory requirements. It is important that the number of 
neutrons and cycles run is sufficient to give an acceptably accurate solution, 
but not so high that calculation time and resources are used excessively.  
5.1.3 FUEL AND CORE PARAMETERS CALCULATED 
5.1.3.1 MULTIPLICATION FACTOR AND CONVERSION FACTOR 
EVOLUTION 
The infinite multiplication factor 𝑘𝑖𝑛𝑓 given by each fuel composition will 
evolve with fuel burnup, tending towards zero as burnup increases and the 
fissile components of the fuel are depleted. The depletion rate is related to 
the fuel conversion ratio 𝐶𝑟 . The addition of thorium to a fuel may allow 
thermal fuel breeding, a condition which would be characterised by the level 
of 233U reaching equilibrium and thus allowing a critical chain reaction to be 
maintained without the need for the addition of a fissile driver. At this point 
the depletion rate would be tied to the mass of thorium in the core, and not 
the mass of fissile driver.  
The evolution of multiplication factor and conversion ratio with fuel 
irradiation were crucial parameters to study, as they indicate the amount of 
time the fuel may spend in the reactor and whether breeding is taking place. 
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Many operational parameters, including refuelling rate, spent fuel 
properties and required soluble absorber levels in the calandria, are tied to 
𝑘𝑖𝑛𝑓 and 𝐶𝑟 .  
5.1.3.2 FUEL COMPOSITION EVOLUTION 
The evolution of the fuel isotopic and chemical composition with burnup is 
vital information for the three-component fuel, as the main aim of the UK 
CANMOX programme is the irradiation of inventory plutonium. The ideal 
used fuel would contain no fissile material, thus making it useless for 
nuclear weapons fabrication. However, this is not realistic in a critical 
reactor system, and thus instead it is aimed to reduce the amount of fissile 
239Pu and 241Pu, while increasing the isotopic fraction of the even-numbered, 
neutron capturing isotopes of plutonium.  
In the three-component fuels it is also important to consider the conversion 
of thorium to 233U, as this will provide additional fissile material as the 
fissile isotopes in the driver MOX are burnt out. The production of 232U 
should also be considered, as this will reduce 𝑘𝑒𝑓𝑓 while increasing the 
decay heat and activity of the spent fuel. 
5.1.3.3 POWER DISTRIBUTION OVER FUEL BUNDLE 
The distribution of power across the elements of the fuel bundle is an 
important parameter to consider. In UK CANMOX fuel dysprosium is used as 
a burnable neutron absorber in the inner fuel elements in order to flatten 
the flux profile over the fuel bundle. Without burnable absorber the burnup 
in the intermediate and outer fuel elements is very different, and this was 
found to give an unacceptable plutonium product [68].  
In addition the permitted power in a given fuel element and fuel bundle is 
limited. In this work the absolute power generated by individual elements 
was not determined; instead a power distribution across the elements of the 
bundle was calculated, normalised to the core average power density. The 
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power shape could be compared between fuels, but actual fuel element 
powers were not determined and as such could not be compared to the 
reactor power limits. This was a necessary limitation due to the 2D infinite 
lattice approach used, as described in Section 5.2.2. 
5.1.3.4 VOID COEFFICIENT OF REACTIVITY 
While CANDU reactors are both cooled and moderated by heavy water, the 
segregation of the coolant from the calandria means that the pressure tube 
may be voided while the calandria remains liquid. While safety systems are 
in place to prevent this, the effect of pressure drops in the coolant must be 
considered. As was shown in the literature review, CANDU reactors are 
prone to having positive coolant void reactivity, and this is worsened by the 
increased plutonium fraction, due to the increase in 239Pu fission cross 
section and reduction in 238U capture cross section in the epithermal 
neutron energy range [363, 380]. Most of the moderation comes from the 
calandria. The coolant volume is 3.4% of the total heavy water volume in the 
core, meaning that fuel remains well moderated even if coolant is 
completely lost. Coolant voiding is a highly coupled neutronic and thermal-
hydraulic effect, and detailed study of the phenomenon is beyond the scope 
of this work. However, coolant void reactivity is a particular concern in 
heavy water reactors, and as such a simplified analysis is undertaken. 
5.2 METHODOLOGY 
In this work the selected Monte Carlo code for the computational 
experiments was Serpent [477]. The latest version of the code at the time of 
writing was used, being version 2.1.27. 
5.2.1 THE SERPENT NEUTRONICS CODE 
Serpent began development in 2004 in Finland, originally being developed 
as a simplified Monte Carlo code specifically for reactor lattice physics 
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modelling. An alternative neutron tracking routine and a reduced neutron 
energy grid are used to decrease the computational effort required 
compared to older Monte Carlo neutronics packages, particularly MCNP. The 
code uses standard format neutron interaction data libraries, including 
ENDF-B [455] and JEFF [454]. Serpent also includes an integrated burnup 
calculation routine. A description of Serpent’s development and 
methodology is outlined in a recent paper [478], and in the user’s manual 
[479]. 
The fact that Serpent was constructed for the purpose of reactor lattice 
physics simulation gives it a number of advantages over other Monte Carlo 
codes, not least the optimisation for minimal computational time. The 
inbuilt burnup routine means that no coupling to external codes is 
necessary in order to solve the Bateman equations, thus greatly simplifying 
operation and optimising the calculation. 
A comparison of SERPENT with WIMS-AECL in PHWRs found good 
agreement for the calculation of core reactivity as a function of burnup for 
233U-Th fuels, and a slightly worse agreement for Pu-Th fuels. Serpent was 
found to underestimate achievable discharge burnup by ~10%, and also to 
underestimate reactivity compared to WIMS-AECL. Researchers from 
Canadian Nuclear Laboratories have stated that the agreement between the 
two packages is sufficiently close to allow survey comparisons between 
different fuel and core types [379]. 
5.2.2 GEOMETRY SIMPLIFICATION 
Simulation of complete core behaviour, taking account of coupled neutronic 
and thermal-hydraulic behaviour over the core life, is extremely 
computationally expensive, and could not be reasonably carried out with the 
resources available. It was instead necessary to carry out a reduced analysis 
at the fuel channel level. 
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The EC6 core comprises a square lattice of 380 fuel channels within the 
calandria. Analysis of a single channel can be carried out with periodic 
boundary conditions at the half-lattice pitch distances such that neutrons 
leaving the simulated geometry are reintroduced at the opposite side of the 
geometry, effectively simulating an infinite lattice of equivalent fuel 
channels. In real CANDU cores there is a flux and power distribution across 
the calandria, reducing away from the core centre, and the power 
distribution between adjacent bundles may be large given the different 
refuelling rates of each channel. In addition, CANDU reactors are refuelled 
from both sides, with adjacent channels being refuelled in opposite 
directions in order to give a balanced axial flux profile, meaning that 
adjacent fuel channels will have very different fuel compositions. Simulation 
of the channel at a range of power densities can mimic some of these effects. 
The geometry may also be simplified in the axial direction, reducing to a 
two-dimensional geometry. This effectively simulates a core of infinite 
length with equivalent fuel at all axial points, as if refuelling of all channels 
were continuous at the same rate and in the same direction. Real CANDU 
cores have neutron leakage from their end faces, and have complex axial 
core and channel power profiles due to different burnup levels in each 
bundle and channel. Again, simulation of several power densities can 
provide some information on the effect of localised power variation. 
This work will simulate a 2D infinite lattice. The geometry used is pictured 
in Figure 5.1, as plotted by Serpent. The geometry was set up as a square cell 
of heavy water, with width and height equal to the core lattice pitch. Within 
this were placed the calandria tube and pressure tube, with carbon dioxide 
gas between the two tubes. Fuel elements were arranged within the 
pressure tube according to their placement and diameters in the CANDU 37-
element or CANFLEX 43-element fuel bundles. Fuel elements consisted of 
fuel pellets of the appropriate diameters surrounded by the fuel sheath. The 
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boundary conditions at the outer edge of the moderator region were set to 
periodic. 
A correction to the calculated infinite multiplication factor may be made to 
account for neutron leakage by reducing its value by a factor of 0.0625, 
taken as an average of literature values [380, 382]. This factor is the 
combined fraction of all neutrons which escape from the core. As such the 
effective multiplication factor is assumed to be given by Equation (5.1).  
 
𝑘𝑖𝑛𝑓 =
𝑘𝑒𝑓𝑓
𝑃𝐹𝑃𝑇
= (1.0625)𝑘𝑒𝑓𝑓 
(5.1) 
 
Where 𝑘𝑖𝑛𝑓 is the infinite multiplication factor over the core,  
 𝑘𝑒𝑓𝑓 is the infinite multiplication factor for the 2D, infinite lattice, 
 𝑃𝐹 is the probability of non-leakage for fast neutrons, and 
 𝑃𝑇  is the probability of non-leakage for thermal neutrons. 
Some small or inconsistent geometric features were neglected, for example 
the small gap between the fuel pellets and sheath at BOL, and structural and 
heat transfer features of the fuel bundles. The effect of reactivity control 
devices, including control rods and soluble chemical shim, was not 
considered in this work. 
5.2.3 NEUTRON POPULATION AND ITERATION NUMBER INDEPENDENCE 
As was discussed in Section 5.1.2, it is important to ensure that a sufficient 
number of neutrons and active cycles are run to give sufficient accuracy. In 
order to avoid running simulations which are unnecessarily 
computationally expensive it is important to optimise the number of 
neutrons and cycles. 
A series of BOL simulations were run using natural uranium oxide in the 
CANFLEX bundle. Simulations were performed with either a fixed number of 
neutrons and a variable number of active cycles, or a fixed number of a 
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cycles and variable neutron population. The results of this analysis are 
presented in Figure 5.2. 
 
FIGURE 5.1 –  FUEL CHANNEL GEOMETRY USED IN COMPUTATIONAL EXPERIMENTS. CORE IS 
CONSIDERED TO BE AN INFINITE LATTICE OF INFINITELY LONG FUEL CHANNELS, CONTAINING 
EQUIVALENT FUEL THROUGHOUT. FOR SCALE, CALANDRIA TUBE OUTER DIAMETER IS 66 mm.  
It can be seen that with increasing neutron population and number of cycles, 
the computational errors are reduced and the reported value of 𝑘𝑒𝑓𝑓 
converges to a stable result. However, the time required to perform the 
simulation increases. When fuel burnup is also calculated the number of 
cycles and hence time required is multiplied by the number of burnup steps 
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considered. Burnup also increases the amount of memory required for the 
simulation in line with the number of depletion zones considered. 
 
FIGURE 5.2 –  EFFECT OF NEUTRON POPULATION SIZE (LEFT) AND NUMBER OF CYCLES (RIGHT) 
ON EFFECTIVE MULTIPLICATION FACTOR AND CALCULATION RUNNING TIME . 
In order to minimise computational requirements while retaining sufficient 
accuracy it was decided that for the experimental simulations the neutron 
population would be fixed as 2000, and the number of active cycles would 
be set to 500. The number of inactive cycles, used for initial convergence of 
the solution, was set to 20, and this was found to allow solution convergence 
during the active cycles. In any case, given that the geometry is neutronically 
small and simple the risk of false convergence should be low. 
5.2.4 FUEL CONCEPTS ANALYSED 
A number of fuel compositions were analysed, including current CANDU 
natural uranium oxide fuels, UK CANMOX fuel, and U-Pu-Th fuel concepts 
17, 19 and 21 from Chapter 4. 
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5.2.4.1 NATURAL URANIUM REFERENCE CASES 
Natural uranium oxide fuel was tested in both the operating 37-element fuel 
bundle and the planned CANFLEX bundle. The discharge burnup of the 37-
element fuel bundle is ~ 7.5 MWd/kgHM, and it is anticipated that this will 
be similar for the 43-element bundle, despite the 5% reduction in fuel mass, 
as the greater subdivision of the fuel allows a 5-8% increase in fuel element 
power [68, 442]. The value of 𝑘𝑖𝑛𝑓 at this burnup was taken to represent the 
reference infinite multiplication factor of discharged CANDU fuel, and was 
used in the study of other fuel concepts to suggest the burnup at which they 
would be discharged from the core.  
5.2.4.2 UK CANMOX FUEL 
The UK CANMOX fuel was tested in the CANFLEX fuel bundle with a range of 
dysprosium burnable absorber loadings in the inner eight fuel elements. The 
proposed burnup of the fuel has been suggested to be anywhere between 14 
and 20 MWd/kgHM, which is understandable given the variability in 
plutonium composition as different fuel bundles will likely achieve differing 
levels of discharge burnup. In this work the uranium and plutonium isotopic 
compositions were taken from Table 4.4 and Table 4.5 respectively, and 
several dysprosium fractions were tested to determine the burnup at which 
𝑘𝑖𝑛𝑓 fell below the value found for natural uranium fuel. The target 
discharge burnup was set to the average value of 18 MWd/kgHM. 
5.2.4.3 THREE-COMPONENT FUEL CONCEPTS 
Three of the three-component fuel concepts from Chapter 4 were taken for 
further testing in this chapter. These were fuel concept 19 (inventory 
plutonium, ThORP product uranium, natural thorium), fuel concept 21 
(inventory plutonium, mixed ThORP product uranium, MAGNOX depleted 
uranium, natural thorium) and fuel concept 17 (EPR reprocessed plutonium 
and uranium, natural thorium). Fuel concepts 17 and 19 were tested with a 
range of plutonium compositions, and fuel concept 21 was tested with a 
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fixed plutonium fraction and a range of TPU/MDU blends. As in UK CANMOX 
fuel two plutonium fractions were used about an average value, with the 
intermediate ring fraction double the outer ring fraction, as shown in 
Equation (5.2). 
 
𝑃𝑢%𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
7
5
𝑃𝑢%𝑜𝑢𝑡𝑒𝑟 =
7
10
𝑃𝑢%𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 
(5.2) 
 
Where 𝑃𝑢%𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is the average Pu fraction in the MOX fuel, 
 𝑃𝑢%𝑜𝑢𝑡𝑒𝑟 is the Pu fraction in the bundle outer ring, and  
 𝑃𝑢%𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 is the Pu fraction in the bundle intermediate ring. 
5.2.5 ANALYSIS CASE SET-UP 
The analyses in Serpent were run using almost identical conditions in all 
cases, with alterations made for the specific cases only as required. 
The density of materials was set on the mass basis, with fuel pellet densities 
assumed to be 95% of their theoretical values [480]. The densities of mixed 
oxide fuels were calculated by linear interpolation of the densities of their 
metal oxide components. An annulus gas pressure of 1 bar was used, with 
the temperature of the gas assumed to be 150˚C. Coolant and moderator 
densities were set according to their reference temperatures [438, 460]. 
Dysprosium containing fuel elements were divided into ten annular 
depletion zones for the purposes of burnup calculations, in line with the 
recommendation given in the Serpent user’s manual, in order to account for 
the high capture cross section of dysprosium leading to differing radial 
depletion in the inner fuel elements of UK CANMOX fuel. 
The JEFF-3.1.1 nuclear interaction data library [454] was used as the 
standard library for all experiments. The power density in the core was set 
as 26 kW/kgHM, calculated from a thermal power of 2084 MWt and the 
calculated mass of uranium, plutonium and thorium in the core at BOL.  
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An example input case file for 3% Pu in fuel concept 19 is presented in full in 
Appendix C. 
5.2.6 VOID COEFFICIENT OF REACTIVITY 
As was stated in Section 5.1.3.4, a full thermal-hydraulic study into void 
reactivity is beyond the scope of this initial computational experiment. 
Instead a simplified study is carried out where the coolant is modelled as 
homogeneous with reduced density representing voiding. This should be 
acceptable given neutrons have a large mean free path in the coolant. The 
coolant void reactivity may be calculated using Equation (5.3) [379]. 
 
𝐶𝑉𝑅 =
𝑘𝑖𝑛𝑓−𝑣𝑜𝑖𝑑 − 𝑘𝑖𝑛𝑓−𝑐𝑜𝑜𝑙
𝑘𝑖𝑛𝑓−𝑣𝑜𝑖𝑑 × 𝑘𝑖𝑛𝑓−𝑐𝑜𝑜𝑙
 (5.3) 
 
Where 𝐶𝑉𝑅 is the coolant void reactivity, 
 𝑘𝑖𝑛𝑓−𝑣𝑜𝑖𝑑 is the infinite multiplication factor in the 99% voided 
condition, and 
 𝑘𝑖𝑛𝑓−𝑐𝑜𝑜𝑙 is the infinite multiplication factor in the unvoided 
condition. 
5.3 NEUTRONIC SIMULATION RESULTS 
Results are presented here by fuel type. In general error bars are not shown 
in the plots of 𝑘𝑖𝑛𝑓 , but were of the order of 10-4. 
5.3.1 NATURAL URANIUM FUELS 
The evolution of the infinite neutron multiplication factor and conversion 
ratio with fuel burnup for natural uranium oxide in each bundle is presented 
in Figure 5.3. It can be seen that at the discharge burnup of 7.5 MWd/kgHM 
the infinite multiplication factors were 𝑘𝑖𝑛𝑓 = 0.989 for the 37-element 
bundle and 𝑘𝑖𝑛𝑓 = 0.983 for the CANFLEX bundle. A full core study will be 
required to determine actual discharge burnups, as higher BOL 𝑘𝑖𝑛𝑓  will 
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likely allow lower discharge 𝑘𝑖𝑛𝑓 . However, a value of 0.986 will be used to 
define an assumed discharge burnup for fuels in this study, as the average of 
the values found for the natural uranium fuels. 
 
FIGURE 5.3 –  EVOLUTION OF INFINITE MULTIPLICATION FACTOR 𝑘𝑖𝑛𝑓  AND CONVERSION RATIO 𝐶 
WITH NATURAL URANIUM OXIDE FUEL IN THE ENHANCED CANDU  6 REACTOR. 
The initial conversion ratio of 0.8 is in agreement with the value reported in 
the literature [20]. The difference in 𝑘𝑖𝑛𝑓 and 𝐶𝑟 between the 37-element 
and CANFLEX bundles was minimal, although it was found to be greater 
than the reported numerical uncertainty. 
The power profiles across the bundles was calculated, and these are 
presented in Figure 5.4. It can be seen that the shape of the power profiles 
does not alter significantly over the irradiation cycle. As fuel burnup 
increases the power peaking increases slightly in the outer pins relative to 
the BOL, while at discharge the power peaking factors are reduced slightly 
compared to BOL. The overall power peaking factors in the CANFLEX bundle 
are slightly reduced compared to the 37-element bundle, and the overall 
profile is flatter. The reduced power in the intermediate ring compared to its 
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neighbours is due to the use of different pin diameters. Similar power 
profiles are reported in the literature for 37-element fuel bundles [481] and 
for CANFLEX bundles [482]. 
The effect of coolant voiding was studied for natural uranium fuel in 
CANMOX fuel bundles. The results are plotted in Figure 5.5. It was found 
that as the coolant density is reduced there is an increase of 1.6% in 𝑘𝑖𝑛𝑓 , 
with the maximum increase found between 0% and 99% voiding. CVR was 
calculated to be +12.5 ± 0.3 mk (1 mk = 0.001 Δ𝑘𝑖𝑛𝑓/𝑘𝑖𝑛𝑓). This was 
expected, as CANDU reactors are well known to exhibit slight positive void 
coefficients [20, 470].  
The depletion of some key isotopes in the CANFLEX bundle over the burnup 
cycle is presented in Figure 5.6. It can be seen that 60% of the initial 235U is 
converted or undergoes fission. Additionally, 0.5% of the initial 238U is 
converted to plutonium.  
5.3.2 UK CANMOX FUEL 
UK CANMOX fuels were studied with a range of dysprosium fractions in the 
inner eight fuel elements, from 0% to 6% Dy. As has been discussed, two 
plutonium fractions are used in the outer two rings in order to flatten the 
flux profile across the fuel bundle. 
The variation in 𝑘𝑖𝑛𝑓 and 𝐶 for each dysprosium fraction with burnup is 
shown in Figure 5.7. The values of burnup at which 𝑘𝑖𝑛𝑓 = 0.986 for each 
dysprosium fraction are given in Table 5.1. It can be seen that 2.5% 
dysprosium loading in the inner fuel elements gave a burnup of 18.25 
MWd/kgHM, which was close to the target discharge burnup. As such 2.5% 
dysprosium loading in UK CANMOX fuel was taken as the reference value. 
Some power profiles across the bundle are presented in Figure 5.8. Profiles 
are given for 2.5% Dy, as well as 0% and 10% Dy for comparison. 
THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS 
 
212 
 
  
 
FIGURE 5.4 –  EVOLUTION OF NORMALISED POWER PROFILE IN NATURAL URANIUM FUEL IN 37-
ELEMENT BUNDLE ELEMENTS (TOP) AND CANFLEX BUNDLE ELEMENTS (BOTTOM) WITH 
BURNUP. VALUES AVERAGED OVER ALL ELEMENTS IN EACH RING, NORMALISED RELATIVE TO 
AVERAGE POWER OF A BUNDLE IN THE CORE . 
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FIGURE 5.5 –  EFFECT OF REDUCED COOLANT DENSITY ON 𝑘𝑖𝑛𝑓  FOR NATURAL URANIUM FUEL IN 
THE CANFLEX FUEL BUNDLE. 
 
FIGURE 5.6 –  ISOTOPIC DENSITY OF SELECTED U AND Pu ISOTOPES IN FUEL BUNDLE AS A 
FUNCTION OF BURNUP FOR NATURAL URANIUM FUEL IN THE CANFLEX BUNDLE. 
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FIGURE 5.7 –  EVOLUTION OF 𝑘𝑖𝑛𝑓  WITH BURNUP FOR UK CANMOX FUELS WITH DIFFERENT 
DYSPROSIUM FRACTIONS. ALSO SHOWN IS THE CONVERSION RATIO , WHICH WAS FOUND TO BE 
ALMOST IDENTICAL FOR ALL DYSPROSIUM FRACTIONS. 
TABLE 5.1 –  BURNUP AT WHICH 𝑘𝑖𝑛𝑓 = 0.986, THE AVERAGE VALUE AT WHICH NATURAL 
URANIUM FUELS ARE DISCHARGED FROM CANDU  6 REACTORS. 
Dy ATOMIC FRACTION IN 
INNER FUEL ELEMENTS 
BURNUP AT WHICH 𝒌𝒊𝒏𝒇 = 𝟎. 𝟗𝟖𝟔 
/MWd.kgHM-1 
0.0% 22.75 
1.0% 20.75 
2.0% 19.00 
2.5% 18.25 
3.0% 17.25 
4.0% 16.00 
5.0% 14.75 
6.0% 14.00 
 
For the 2.5% Dy fuel, the masses of key isotopes of interest as a function of 
burnup are given in Figure 5.9. It can be seen that the plutonium isotopic 
composition is altered significantly, with the overall fissile fraction being 
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0.90
0.95
1.00
1.05
1.10
1.15
1.20
1.25
1.30
1.35
1.40
0 10 20 30
C
r
k_
in
f
Fuel burnup MWd/kgHM
0% Dy
1% Dy
2%Dy
4%Dy
6%Dy
C
CHAPTER 5 THREE-COMPONENT NUCLEAR FUEL SIMULATION IN THE EC6 REACTOR 
 
215 
 
reduced from 74% to ~41%. Of the total plutonium mass loaded, 35.6% is 
consumed. This performance sets the benchmark against which three-
component fuels with thorium must be compared. Of the initially loaded 
mass of dysprosium-160, -161 and -164 isotopes, ~60% is consumed. 
As with natural uranium fuel, coolant voiding leads to a uniform increase in 
𝑘𝑖𝑛𝑓 at all burnup levels. The effect of coolant voiding at 1 MWd/kgHM in 
both natural uranium and UK CANMOX fuels is presented in Figure 5.10. It 
can be seen that in UK CANMOX fuel 5% voiding (coolant at 95% of 
reference density) gives rise to a large increase in reactivity. However, the 
additional increase in reactivity at higher void fractions is not as great. 𝐶𝑉𝑅 
for the 2.5% Dy CANMOX fuel was calculated to be +9.7 ± 0.3 mk, slightly 
lower than in natural uranium fuel. 
5.3.3 PLUTONIUM LOADING IN THREE-COMPONENT FUEL 
The effect of varying the plutonium fraction in fuel concept 19 (inventory 
Pu, TPU, Th) was studied to determine the evolution of 𝑘𝑖𝑛𝑓 and 𝐶 with fuel 
burnup. The results are presented in Figure 5.11. It can be seen that at 0% 
Pu (TPU seed, Th blanket), a critical chain reaction cannot be sustained. 
Increasing the plutonium fraction increases the initial 𝑘𝑖𝑛𝑓 and reduces the 
reactivity depletion rate, allowing greater discharge burnups to be achieved. 
As burnup increases so does the conversion ratio, reaching 0.70-0.83 at the 
discharge burnup for each fuel. 
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FIGURE 5.8 –  POWER PROFILES ACROSS THE UK CANMOX  FUEL ELEMENTS AT 0%Dy (TOP), 
2.5%Dy (MIDDLE) AND 10%Dy (BOTTOM). POWER DENSITY SET TO 25.8 kW/kgHM. 
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FIGURE 5.9 –  EVOLUTION OF PLUTONIUM ISOTOPIC VECTOR, CONSUMPTION OF 235U, AND 
DEPLETION OF KEY DYSPROSIUM ISOTOPES IN UK CANMOX BUNDLE WITH 2.5% DYSPROSIUM 
LOADING. LEFT: OUTER AND INTERMEDIATE RINGS WITH MOX. RIGHT: INNER RING AND 
CENTRE ELEMENTS WITH DYSPROSIUM AND DEPLETED URANIUM . 
 
FIGURE 5.10 –  NORMALISED CHANGE IN 𝑘𝑖𝑛𝑓  AT 1 MWd/kgHM UK CANMOX FUEL WITH 
2.5% Dy AS A FUNCTION OF FUEL BURNUP FOR SEVERAL COOLANT DENSITIES. 
-0.002
0
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0 0.2 0.4 0.6 0.8 1
N
o
rm
al
is
ed
 c
h
an
ge
 i
n
 k
_i
n
f
Void fraction
Unat in CANFLEX
CANMOX 2.5%Dy
THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS 
 
218 
 
Power profiles for three plutonium fractions are shown in Figure 5.12. It can 
be seen that with 1% plutonium loading the power in the intermediate and 
outer rings is almost equal over the whole irradiation to discharge. 
Increasing the plutonium fraction causes greater power difference between 
the intermediate and outer rings, with the highest power in the outer ring 
early in the irradiation history, with the highest power in the intermediate 
ring at higher burnup. Table 5.2 shows the normalised power distribution in 
UK CANMOX fuel with 2.5% dysprosium loading compared to the 
distribution in fuel concept 19 with 3% Pu loading. It can be seen that the 
power profiles are broadly similar. The intermediate ring power is slightly 
higher in UK CANMOX fuel, but the outer ring power is higher in the three-
component fuel. In addition the difference in power between the rings is 
lower for the three-component fuel, giving more equal power and burnup 
across the two MOX enrichments. 
The material composition evolutions in the intermediate and outer 
plutonium MOX regions of fuel concept 19 are shown in Figure 5.13. It can 
be seen that the despite different initial plutonium loadings, the fraction of 
fissile 239Pu and 241Pu in the final plutonium is almost identical across the 
two rings, and slightly below the level achieved in UK CANMOX fuel with 
2.5% dysprosium loading. 
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TABLE 5.2 –  COMPARISON OF NORMALISED POWER DISTRIBUTIONS IN INTERMEDIATE AND 
OUTER RINGS OF UK CANMOX FUEL AND THREE-COMPONENT FUEL CONCEPT 19.  
 ELEMENT POWER PER UNIT 
LENGTH W/cm 
BOL MID-LIFE EOL 
Intermediate 
ring 
UK CANMOX  237 300 302 
3%Pu in fuel concept 19 245 290 285 
Outer ring 
UK CANMOX  297 245 220 
3%Pu in fuel concept 19 300 260 225 
 
The evolution of the material composition in fuel concept 19 is presented in 
Figure 5.14. It can be seen that the fissile fraction of plutonium is halved 
over the burnup to 22.5 MWd/kgHM. The quantity of 239Pu is reduced by 
80% over the irradiation cycle. In the thorium blanket region a total of 38 g 
of 233U and 0.05 g of 232U are produced, in addition to 3.6 g of 233Pa which 
will decay to 233U. Of the initially loaded thorium, 61.4 g are consumed. In 
addition to the plotted radionuclides, at EOL the thorium rods also contain 
2.36 g of 234U and 0.15 g of 235U. The shortfall between thorium lost and 
other actinides produced suggests that approximately 17 g of 233U have 
already undergone fission at EOL, which accounts for the power gain in the 
inner fuel elements with increasing burnup. 
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FIGURE 5.11 –  EVOLUTION OF 𝑘𝑖𝑛𝑓  (TOP) AND 𝐶 (BOTTOM) WITH BURNUP FOR FUEL CONCEPT 
19 WITH DIFFERENT AVERAGE PLUTONIUM FRACTIONS IN THE MOX SEED REGION. MARKED ON 
GRAPHS ARE THE ASSUMED MULTIPLICATION FACTOR AND CALCULATED CONVERSION RATIO AT 
DISCHARGE. 
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FIGURE 5.12 –  POWER PROFILES ACROSS THE BUNDLE IN FUEL CONCEPT 19. PLUTONIUM 
FRACTIONS IN THE MOX DRIVER ARE 1% (TOP), 3% (MIDDLE) AND 6% (BOTTOM). 
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FIGURE 5.13 –  ISOTOPE MASS VARIATION WITH BURNUP IN FUEL CONCEPT 19 WITH AVERAGE 
PU FRACTION OF 3%. INTERMEDIATE RING WITH 4.29% INITIAL PLUTONIUM LOADING (LEFT) 
AND OUTER RING WITH 2.14% INITIAL PLUTONIUM LOADING (RIGHT). 
 
FIGURE 5.14 –  EVOLUTION OF SELECTED ISOTOPE MASSES IN FUEL CONCEPT 19 WITH 3% 
INITIAL PLUTONIUM LOADING. TOTAL ACROSS INTERMEDIATE AND OUTER RINGS WITH U-Pu 
MOX (LEFT), AND INNER RING AND CENTRE PIN WITH ThO2 (RIGHT).  
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5.3.3.1 EFFECT OF COOLANT VOIDING 
The impact of coolant density reduction on fuel concept 19 is shown in 
Figure 5.15. It can be seen that similarly to natural uranium and UK 
CANMOX fuels, fuel concept 19 with 3% plutonium loading gives an increase 
in 𝑘𝑖𝑛𝑓 with reduced coolant density for a full range of burnups. The coolant 
void reactivity was found to be slightly positive from 0.1 to 22.5 MWd/t, 
with an increasing trend in CVR with burnup due to the increasing fraction 
of 233U in the central fuel elements. 
 
FIGURE 5.15 –  EFFECT OF VOID FRACTION ON 𝑘𝑖𝑛𝑓  FOR FUEL CONCEPT 19 WITH 3% AVERAGE 
PLUTONIUM LOADING AT 1 MWd/kg, PRESENTED AS CHANGE IN 𝑘𝑖𝑛𝑓  FROM UNVOIDED 
CONDITION. 
5.3.4 FUEL CONCEPT COMPARISON – USE OF EPR REPROCESSED MOX 
Fuel concept 17, produced from the reprocessed uranium and plutonium of 
modern LWR fuels, was studied to determine its performance in comparison 
to fuel concept 19.  
The variation in 𝑘𝑖𝑛𝑓 and 𝐶𝑟 for two plutonium fractions in fuel concepts 17 
and 19 can be seen in Figure 5.16. It can be seen that switching to fuel 
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concept 17 gives a reduction in 𝑘𝑖𝑛𝑓 compared to concept 19. Fuel concept 
17 with 3% plutonium loading will only reach 20 MWd/kgHM when 𝑘𝑖𝑛𝑓  
reaches the discharge level. A similar reduction is seen with the greater 
average plutonium loading, reducing from 43 to 37 MWd/kgHM. Conversion 
factors in fuel concept 17 are greater across the range of burnup, and the 
concept reaches similar EOL conversion factors to fuel concept 19. Based on 
the results presented in Figure 5.11, it is projected that an increase in 
average initial plutonium loading to approximately 4% in fuel concept 17 
will compensate for the difference in 𝑘𝑖𝑛𝑓 against fuel concept 19.   
The power profile for 3% plutonium in fuel concept 17 is presented in 
Figure 5.17. When comparing this to the 3% plutonium plot in Figure 5.12 
the power profile is not appreciably different, and the power distribution is 
therefore expected to be similar across the two bundles.  
The isotopic composition with burnup is plotted in Figure 5.18. The general 
change in composition is similar to fuel concept 19. In the MOX fuel 
elements the final Pu fissile fraction is slightly lower, although the amount of 
fissile isotope is very similar, with the change in fissile fraction instead being 
due to greater quantities of the even-numbered isotopes. In the thorium fuel 
elements, the fissile uranium fraction is greater in concept 17 than concept 
19. Slightly less 233U and slightly more 233Pa are produced. 
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FIGURE 5.16 –  EVOLUTION OF 𝑘𝑖𝑛𝑓  AND 𝐶 WITH BURNUP IN TWO THREE-COMPONENT FUEL 
CONCEPTS 17 (REPROCESSED EPR  MOX)  AND 19 (INVENTORY MOX)  WITH TWO PLUTONIUM 
LOADING FRACTIONS. 
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FIGURE 5.17 –  POWER PROFILES ACROSS THE BUNDLE IN FUEL CONCEPT 17 WITH 3% AVERAGE 
PLUTONIUM LOADING . 
 
FIGURE 5.18 –  EVOLUTION OF SELECTED ISOTOPE MASSES IN FUEL CONCEPT 17 WITH 3% 
INITIAL PLUTONIUM LOADING. TOTAL ACROSS INTERMEDIATE AND OUTER RINGS WITH U-Pu 
MOX (LEFT), AND INNER RING AND CENTRE PIN WITH ThO2 (RIGHT). 
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5.3.5 EFFECT OF MDU-TPU BLENDING 
As was discussed in Chapter 4, depending on the quantity of reprocessed 
uranium necessary for fuel concept 19, it may be necessary to blend in a 
fraction of MDU with the TPU, giving fuel concept 21. The effect of this 
blending on achievable discharge burnup is shown in Figure 5.19. The 
greater the fraction of MDU the lower the achievable discharge burnup, 
although the overall reactivity depletion slope is very similar.  
 
FIGURE 5.19 –  REDUCTION IN 𝑘𝑖𝑛𝑓  WITH FUEL BURNUP FOR FUEL CONCEPT 21 WITH 3% 
PLUTONIUM LOADING WITH 3 LEVELS OF MDU BLENDING FRACTION (LEFT). VARIATION IN 
BURNUP AT WHICH 𝑘𝑖𝑛𝑓 = 0.986 (RIGHT).  
5.4 DISCUSSION AND MATERIALS REQUIREMENTS 
5.4.1 VALIDATION AGAINST NATURAL URANIUM CANDU FUELS 
The results of the numerical simulation for natural uranium fuel are in good 
agreement with operational data from CANDU 6 reactors with natural 
uranium oxide fuel. The conversion ratio at BOL and EOL was found to be 
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0.8, which is the quoted typical value for CANDU reactors [20]. The 
multiplication factor fell to unity at ~ 7 – 7.5 MWd/kgHM. Additionally, the 
power profile shapes across the fuel bundles were in good agreement with 
literature data. These results give confidence in the accuracy of the 
simulation, and increase the confidence in the results generated for UK 
CANMOX and three-component fuel concepts. 
5.4.2 UK CANMOX FUELS 
Given that UK CANMOX is not fully defined in the literature and that it was 
desirable to use this fuel as the baseline for comparison of three-component 
fuels, it was necessary to study the impact of dysprosium loading within the 
fuel bundle. 
It was found that the 2.5% Dy loaded fuel reached the assumed discharge 
multiplication factor at the average level of discharge burnup stated for UK 
CANMOX fuel in the literature, and on this basis 2.5% was set as the 
reference dysprosium fraction. Upon discharge the fissile fraction of 
plutonium in the MOX elements was reduced to an average value of 40%, 
with the total Pu mass reduced from 477 g to 300 g. However, in the 
burnable absorber bundles 17.5 g of plutonium are produced by 238U 
conversion, and this plutonium is 80% fissile at EOL. If the 140 t plutonium 
inventory were to be irradiated in this fuel, this would lead to the 
production of 5.1 t of this highly fissile plutonium in the burnable absorber 
elements, which could be recovered if these elements were to be 
reprocessed.  
In order to fabricate sufficient fuel bundles to irradiate 140 tHM plutonium, 
each containing 477 g plutonium metal, there would be a requirement for 11 
tHM of dysprosium and 3910 tHM of depleted uranium, to be irradiated in 
222,800 fuel bundles. Using Equation (5.4) it can be shown that for a burnup 
of 18.25 MWd/kgHM, an EC6 will require 39.2 tHM of fuel per reactor year.  
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5.4.3 THREE COMPONENT FUELS 
The three-component fuels show good neutronic behaviour and offer a 
range of advantages over UK CANMOX fuel. The discharge burnup of the fuel 
is greater, giving transmutation of the loaded plutonium to a lower fissile 
fraction of 36% and reducing the overall plutonium mass per bundle from 
407 g to 240 g, a 41% mass reduction compared to the 37% reduction 
offered by UK CANMOX. Furthermore no additional plutonium is produced 
in the inner fuel elements. The three component fuel also has a positive 
coolant void reactivity, as is normally the case for CANDU fuels. While it 
would be an advantage to have a negative CVR for reactor safety and 
stability [20], positive void coefficients are within the scope of existing 
CANDU safety cases.  
The power distribution across the bundle is comparable to that of UK 
CANMOX, but the distribution was calculated for a fixed overall power 
density and further studies must be carried out to determine the actual 
power in each fuel element and ensure that power limits are not exceeded.  
5.4.3.1 INVENTORY MANAGEMENT WITH FUEL CONCEPT 19 
The annual quantity of fuel required for an EC6 irradiating fuel to 22.5 
MWd/kgHM was calculated to be 31.8 tHM/reactor.year, equivalent to 1787 
CANFLEX bundles. Irradiation of 140 t Pu in fuel concept 19 with 3% 
plutonium loading could be carried out over 48.4 years in four EC6 units or 
27.6 years in seven EC6 units. Also required would be 4520 t TPU and 1490 
t Th. This would leave enough TPU to fabricate 4435 t NUE fuel, sufficient 
for 10 reactor.years of operation. Alternative fuel sources would be required 
following depletion of the Pu and TPU inventories. 
The use of irradiated thorium elements within NUE bundles is suggested as 
a potential option to increase NUE operation time. Following ~ 30 years of 
post-irradiation cooling when the 233Pa will have decayed to 233U, concept 
19 thorium elements will contain 1% 233U by mass. Additionally a portion of 
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the short-lived fission products will have decayed. If the thorium elements 
can provide similar performance to NUE fuel, the 1490 tHM of irradiated 
thorium elements could be used to increase the NUE operation time to 
~22.5 years. Based on this, the three-component fuel and NUE+Th fuels 
could provide 216 reactor.years of EC6 operation, equivalent to 160 
GW.years of electrical power over the plant’s 60-year lifetime. An EPR 
produces 96 GW.years of electrical power and requires 1785 tHM LEU 
[444]. If the EPR total power is scaled to match that of the EC6 units with 
three-component and NUE+Th fuel, it is found that 30,000 tHM of natural 
uranium resources could be saved through the use of the proposed three-
component fuel and Th+NUE fuel in four EC6 reactors, while managing the 
UK plutonium inventory and breeding 233U. 
Three plutonium loadings were investigated for fuel concept 19 in Chapter 
4, being 1%, 3.4% and 8.4% Pu. Simulation of fuels of these compositions 
gave discharge burnups as shown in Table 5.3.  
TABLE 5.3 –  DISCHARGE BURNUPS ACHIEVABLE WITH FUEL CONCEPT 19 PLUTONIUM LOADINGS 
SUGGESTED IN CHAPTER 4. 
PLUTONIUM LOADING IN 
FUEL CONCEPT 19 MOX 
ELEMENTS 
DISCHARGE BURNUP 
FROM SERPENT MODEL 
MWd/kgHM 
1.0% 10.5 
3.4% 24.6 
8.4% 47.8 
 
If it is deemed acceptable to operate an EC6 with three-component fuel both 
before and after mid-life refurbishment, it is suggested that four EC6 units 
be constructed. All units would operate with fuel concept 19 with 3% 
plutonium loading for 30 years and then undergo refurbishment. In the 
second half of life two units would continue to irradiate fuel concept 19 for 
30 years. One unit would irradiate fuel concept 19 for ~15 years and then 
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switch to NUE fuel. The fourth unit would irradiate natural uranium in the 
second half of life. This fuel cycle seeks to strike a balance between the level 
of investment required in EC6 plant and the use of natural uranium while 
irradiating all plutonium and TPU.  
There will likely be some range of flexibility in the selected plutonium 
fraction, thus allowing some variation in the time required to irradiate the 
plutonium in the EC6 reactors. However, based on the results generated 
here it is strongly indicated that four reactors will be able to irradiate the 
plutonium inventory in four EC6 units over a 45-50 year period (not 
including mid-life refurbishment), or that seven reactors could irradiate the 
fuel over a 25-30 year period.  
5.4.3.2 EXTENDING THORP PRODUCT URANIUM RESOURCES WITH 
MAGNOX DEPLETED URANIUM IN FUEL CONCEPT 21 
For fuel concept 21, it was shown in Figure 5.19 that blending MDU and TPU 
reduces the achievable discharge burnup of the core, in line with the 
expectation from Chapter 4. The potential need for such blending was 
outlined in Section 4.6.2. If necessary the multiplication factor reduction due 
to the use of a TPU-MDU blend could be compensated by increasing the 
plutonium fraction, although additional work would be required to confirm 
the behaviour of fuels with higher plutonium in less fissile uranium. 
5.4.3.3 LWR USED FUEL URANIUM AND PLUTONIUM IRRADIATION 
IN FUEL CONCEPT 17 
For fuel concept 17, it was seen that the reduced plutonium quality is not 
compensated by the slightly higher fraction of 235U in EPR used fuel. The fuel 
composition and power profile are slightly modified compared to those of 
fuel concept 19, but overall these changes are minor. For LWR spent fuel 
management, it was stated in Chapter 4 that a fuel with 1.4% plutonium 
could manage all U and Pu produced from EPR reactors. An EPR produces 
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115 tHM of uranium and plutonium per year in used fuel, of which 1.4% is 
plutonium.  
A simulation of fuel concept 17 with 1.4% plutonium loading showed that 
the achievable discharge burnup was 12 MWd/kgHM. The evolution of the 
composition of this fuel with burnup is shown in Figure 5.20, showing that 
the plutonium composition is 39% fissile upon discharge.  
 
FIGURE 5.20 –  EVOLUTION OF SELECTED ISOTOPE MASSES IN FUEL CONCEPT 17 WITH 1.4%  
INITIAL PLUTONIUM LOADING. TOTAL ACROSS INTERMEDIATE AND OUTER RINGS WITH U-Pu 
MOX (LEFT), AND INNER RING AND CENTRE PIN WITH ThO2 (RIGHT). 
The annual fuel requirement was calculated to be 59.6 tHM, of which 45.2 
tHM is uranium and plutonium. As such an EC6:EPR support ratio of 5:2 is 
indicated, meaning that ten EC6 units would be required for the UK if both 
the Hinkley Point C and Sizewell C EPR plants were to be constructed. A 
lower support ratio is expected for other LWRs planned for the UK, as these 
are less powerful and are thus expected to produce less used fuel. The 
addition of ten EC6 reactors to the UK would add 7.4 GWe of generating 
CHAPTER 5 THREE-COMPONENT NUCLEAR FUEL SIMULATION IN THE EC6 REACTOR 
 
233 
 
capacity, in addition to the 6.4 GWe from the four EPRs, with the only 
additional required fuel resource being 8640 t Th.  
Higher plutonium fraction options from Chapter 4 for concept 17 fuels had 
4.4% and 5.4% plutonium loading, and would be capable of managing all 
separated LWR plutonium but only a fraction of the uranium, the remainder 
of which might be re-irradiated as an NUE fuel by blending with MDU. The 
discharge burnups for these fuels are shown in Table 5.4. 
TABLE 5.4 –  DISCHARGE BURNUPS ACHIEVABLE WITH FUEL CONCEPT 17 PLUTONIUM LOADINGS 
SUGGESTED IN CHAPTER 4. 
PLUTONIUM LOADING IN 
FUEL CONCEPT 19 MOX 
ELEMENTS 
DISCHARGE BURNUP 
FROM SERPENT MODEL 
MWd/kgHM 
1.4% 11.0 
4.4% 26.8 
5.4% 31.25 
 
5.5 FUTURE WORK 
The next stage of the three-component fuel development work is to carry 
out further neutronic analysis. A range of power densities may be used to 
further inform fuel behaviour in low and high power core regions. The 
feasibility of incorporating irradiated thorium fuel elements into NUE fuel 
bundles is also an appealing area of further study that can be carried out at 
the 2D infinite lattice level. The extension of this work would be to carry out 
further 2D infinite lattice simulations, but on a set of nine fuel elements in a 
three-by-three “supercell” configuration, where the outer eight bundles 
have a fixed composition, and the composition of the inner bundle is 
variable as a function of fuel burnup. This will allow the use of more realistic 
neutron energy spectra to be used. Varying the composition of the outer 
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bundles will allow the determination of sensitivity of the fuel reactivity to 
the neutron energy spectrum, a vital parameter towards understanding the 
core behaviour, and a first step towards the generation of appropriate core 
management schemes. 
The impact of reactivity devices must be studied. This is commonly carried 
out in PHWR cores by a reduced 3D simulation of the effect of introducing a 
single control rod vertically between two horizontal fuel channels, as shown 
in Figure 5.21. A range of fuel burnups should be used to determine the 
relative negative reactivity insertion compared to natural uranium fuels, and 
whether the rods can still provide sufficient shutdown margin for UK 
CANMOX and three-component fuels, or whether the rod composition must 
be altered. 
 
FIGURE 5.21 –  SUGGESTED SIMULATION GEOMETRY FOR INITIAL STUDIES INTO THE EFFECT OF 
CONTROL RODS IN PHWR  CORES [483]. 
Eventually the analysis must transition into a coupled neutronic and 
thermal-hydraulic model, with a full core being simulated. Determination of 
actual fuel power profiles within a core, temperature effects and heat 
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transfer to the coolant must be analysed in order to ensure that the fuel may 
operate safely within the reactor limits. It is suggested that a deterministic 
neutron transport model is used for this purpose in order to manage the 
high computational cost of such a simulation in a Monte Carlo model. 
However, Monte Carlo modelling will be useful in providing group constant 
data to the deterministic package.  
The effect of reactivity control devices in the full core simulation must 
particularly be considered, as the effectiveness of control rods is often 
reduced with Th-Pu and Th-U fuels [366]. Furthermore, the large excess of 
fuel reactivity at beginning of life will require the use of high soluble 
absorber concentrations, which can lead to a positive moderator 
temperature coefficient [484].  
Transients within the core must also be considered. In CANDU reactors the 
most common transients occur during refuelling operations. CANDU 
reactors are also designed to cope with a range of potential accident 
scenarios. The response of an EC6 with three-component fuel to a range of 
fault conditions such as coolant loss, fuel failure, pressure/calandria tube 
leakage, station blackout and others must be established. 
A wide range of fuel cycle analyses are required to supplement the reactor 
operation studies. Spent fuel management will be a major work area, to 
consider how the fuel might be safely either disposed of in a deep geological 
formation, or otherwise managed in the back end of the fuel cycle. This 
might include hot cell disassembly of the highly active bundles for thorium 
fuel element recovery and reassembly into other bundles. In the fuel cycle 
front end studies into fuel fabrication would be required, although the 
fabrication of U-Pu mixed oxide fuels and thorium oxide fuels are ongoing 
work areas, already with a significant literature work, and industrial 
experience in the case of U-Pu MOX. As has been discussed at length in 
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Chapters 2 and 3 of this thesis, work remains to be done in the separation 
and purification of nuclear-grade thorium suitable for fabrication. 
An economic and market analysis must be carried out to determine whether 
there will be sufficient demand for three-component fuels. For inventory 
management, three-component fuel must be able to compete with and offer 
value over the reference UK CANMOX fuel to be realised. For LWR used fuel 
irradiation, it would have to be shown that the value of the additional 
energy per unit of EPR fuel was greater than its generation cost. 
5.6 CONCLUSIONS AND CHAPTER SUMMARY 
Overall, three-component fuels with thorium present a suite of advantages 
over UK CANMOX fuel. The final plutonium product is less fissile, and no 
plutonium is bred in the inner fuel elements. Irradiated uranium is reused 
rather than unirradiated depleted uranium, and no additional natural 
uranium is required. As with natural uranium and UK CANMOX fuels, three 
component fuels give positive coolant void reactivity. Power profiles 
between the three-component and UK CANMOX fuels are comparable, and 
the final plutonium composition in the intermediate and outer rings is very 
similar.  
Two three-component fuel concepts have been studied, one for plutonium 
inventory management (fuel concept 19), and the other for re-irradiation of 
modern LWR spent fuel (fuel concept 17). Fuel concept 19 with 3% 
plutonium loading in the MOX was able to irradiate the 140 t of inventory 
plutonium to 22.5 MWd/kgHM in four Enhanced CANDU 6 reactors over 45-
50 years, achieving a 50% reduction in the fissile fraction of the plutonium 
while also irradiating reprocessed uranium from AGR reactors. If EPR used 
fuel is re-irradiated then 1.4% plutonium loading fuel is recommended, with 
five EC6 units required per two EPRs.d 
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It is suggested for future work that Serpent or another package be used to 
generate few group constant data suitable for coupled neutronic-thermal-
hydraulic full core simulations with three-component fuels. Equilibrium and 
transient studies will be required to confirm the feasibility of EC6 operation 
with three component fuels. Following this studies into the potential fuel 
cycle options and its economics are recommended. 
The physical separation of the thorium fuel elements and the plutonium-
containing fuel elements in the three-component fuel concept means that 
the irradiated fuel bundles could be disassembled in order to recover the 
thorium elements by cutting the endplates. The plutonium-uranium MOX 
elements could be placed into waste containers and prepared for long-term 
interim storage prior to geological disposal. The thorium elements could 
then be reprocessed to recover the uranium and thorium.  
In the next chapter, a study is presented into the use of synergic mixtures of 
PC-88a and other extractants from three different aqueous phases, in order 
to identify possible systems for the separation of thorium and uranium from 
zirconium and iron. The distribution ratios and separation factors are 
determined for these systems, and the most promising systems for thorium 
spent fuel reprocessing are identified. 
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6 COMPARISON OF THORIUM 
SEPARATION BY TEN SOLVENT 
EXTRACTION MIXTURES 
In the previous chapter it was shown that, from the neutronics perspective, 
three component nuclear fuels with reprocessed uranium, plutonium and 
thorium appear to be feasible for use in pressurised heavy water reactors. 
As the thorium fuel elements do not contain plutonium or reprocessed 
uranium, they may be reprocessed to recover the uranium-233 for use in 
starting a full thorium-233U fuel cycle. In this chapter is presented a 
screening study into the separation of thorium and uranium from zirconium 
and iron by PC-88a with ten different potential synergists. The aim was to 
determine promising extractant pairings which might form the basis of a 
solvent extraction system for further development. 
6.1 INTRODUCTION 
As was shown in Chapter 2, the number of possible synergic thorium solvent 
extraction systems which may be assessed is very large, considering many 
aqueous media, a large number of possible extractants and diluents, and a 
large range of extraction conditions. Very few of these studies, however, 
were aimed at spent fuel reprocessing, focussing instead on front end 
separation of thorium from minerals, normally to recover rare earth 
elements. To test the whole range of possible synergic extraction systems 
for a reprocessing application, even those which had not previously been 
considered in the literature, would be a very large task. As such it was 
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deemed necessary to narrow down to a subset of potential systems to 
examine, from which the most promising could be selected. In order to do 
this, a screening study was planned to investigate a range of systems for 
further development.  
6.1.1 AQUEOUS PHASE SELECTION 
In order to prepare spent fuel for separation of the recyclable components, 
it must first be dissolved. Thorium oxide spent fuel is much more resistant 
to dissolution than uranium spent fuel, necessitating the use of hot, 
concentrated nitric acid with an amount of hydrofluoric acid added as a 
catalyst [485]. However, it is not necessarily the case that nitric acid will the 
best acid from which to extract thorium and uranium. Hydrochloric, nitric 
and sulfuric acids are all commonly used process acids, and so all three were 
investigated as potential aqueous media. Two levels of concentration were 
investigated for each acid in order to determine the impact of high and low 
acidity in solution, these being 0.5 M and 3.0 M. While a lower level of 
acidity could have been used, 0.5 M was selected to prevent the possibility of 
thorium hydroxide precipitation in less acidic conditions [486-488].  
The use of strong acids, particularly hydrochloric acid, will need to be 
considered during process scale-up and process plant design, due to the 
potential for corrosion of metallic materials used in reaction vessels, 
pipework, and so on. The corrosion induced by HF in the Acid THOREX 
process is managed by the addition of aluminium nitrate [104]. 
6.1.2 METALS OF INTEREST IN THE AQUEOUS FEED 
The metals selected for the simulated spent fuel liquor were Th(IV), U(VI), 
Fe(III) and Zr(IV). The concentration for each element was set to 100 mg/l. 
This low concentration was selected in order to avoid competition between 
metals for the available extractant, allowing each metal in the PLS to 
complex with the extractant quasi-independently. It also means that the 
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concentration of free extractant in the system will be little changed by 
complexation of the available metal.  
Zirconium was found to be extracted quantitatively by PC-88a in xylene 
from hydrochloric acid at a range of acidities [489]. It is also extracted 
strongly when kerosene is used as the diluent, with greater extraction at 
higher acidities [490]. The extracted complex was found to be 
ZrO(H2O)nCl2.(PC-88a)2 [491]. As such, it might be advantageous to identify 
a secondary extractant which would be antagonistic with PC-88a for 
zirconium. 
6.1.3 SELECTION OF ORGANIC EXTRACTANTS FOR SYNERGISM TESTING 
In this study the aim was to identify potential synergic mixtures for thorium 
and uranium recovery from spent fuel based on well-established 
extractants, and determine the distribution ratios for thorium, uranium, iron 
and zirconium and to determine the separation factors for uranium and 
thorium against one another and against iron and zirconium. Ten extractant 
mixtures were tested to determine thorium extraction and separation 
behaviour, using a single primary extractant in all tests and ten secondary 
extractants for screening as potential synergists. As a mixture of PC-88a and 
HDEHP in n-dodecane was found to extract both thorium and uranium while 
rejecting iron in the work presented in Chapter 3, it was decided to retain 
PC-88a as the primary extractant and n-dodecane as the diluent. However, 
the use of other diluents might give improved separation of the metals.  
The secondary extractants were selected across three broad types: other 
phosphorous-based extractants, amine/ammonium extractants, and room 
temperature ionic liquids. The selected secondary extractants are listed in 
Table 6.1, with their structures shown in Figure 6.1 (b)-(k). Other secondary 
extractants were tested at the same concentration as HDEHP in Chapter 3, in 
order to compare distribution and separation behaviour for each metal. In 
addition, 0.1 M PC-88a alone, without secondary extractant, was also tested.  
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6.2 MATERIALS AND METHODS 
6.2.1 REAGENTS AND STOCK SOLUTIONS 
Unless otherwise stated, all organic chemicals and metal salts were ACS 
Reagent Grade, and were purchased from Sigma Aldrich. PC-88a was 
supplied by BOC Sciences, USA. The n-dodecane diluent was supplied by 
Sigma Aldrich. All organic reagents were used as supplied without further 
purification, with the exception of TBP which was washed with 0.1 M 
sodium bicarbonate solution and deionised water to remove degradation 
products. An organic stock solution was prepared with 0.2 M PC-88a in n-
dodecane, standardised by mass.  
Thorium chloride octahydrate (ThCl4∙8H2O) and uranyl nitrate hexahydrate 
(UO2(NO3)2∙6H2O) salts were taken from in-house stocks originally supplied 
by British Drug Houses. The initial purity of these aged materials was 
unknown. Reagent grade iron(III) chloride hexahydrate (FeCl3∙6H2O) and 
zirconyl chloride octahydrate (ZrOCl2∙8H2O) were used as the inactive metal 
salts. Reagent Grade stock acids and Analytical Grade 70% nitric acid were 
purchased from Fisher Scientific.  
Stock acid solutions were prepared at 0.5 M and 3.0 M concentration, 
standardised using a Mettler-Toledo FiveGo pH meter with Ag-AgCl glass 
electrode. Individual metal spike solutions were prepared in 5.0 M HCl 
containing Th(IV), U(VI), Fe(III) and Zr(IV) from the metal salts. These were 
then combined to produce a mixed metal spike with 12.5 g/l of each metal. 
Mixed metal studies were performed, rather than single metal studies, in 
order to economise on analytical instrument usage time and costs. This also 
allows studies to be made on the competition between metals for the 
available extractants.  
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TABLE 6.1 –  SELECTED EXTRACTANTS EXAMINED IN THIS THESIS. 
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 (a) PC-88a  (b) HDEHP  (c) TBP 
   
 (d) TOPO  (e) Octylamine  (f) Dioctylamine 
   
 (g) Trioctylamine  (h) Tert-octylamine  (i) Aliquat-336 
 
 
 (j) Cyphos 101  (k) BMIM chloride 
FIGURE 6.1 –  CHEMICAL STRUCTURES OF ORGANIC EXTRACTANTS USED IN THE STUDY. 
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6.2.2 EXPERIMENTAL TECHNIQUE 
For the solvent extraction contacts 5 ml volumes of both organic and 
aqueous phases were used in all cases. The organic phase was prepared as 
0.1 M PC-88a and 0.05 M secondary extractant by taking 2.5 ml of the 
previously prepared 0.2 M PC-88a solution, adding 0.25 mmol of the 
secondary extractant by mass, and making the volume to 5 ml with n-
dodecane. 4.96 ml of the required acid was added and the phases were 
manually shaken to pre-equilibrate the acidity of the phases. 0.04 ml of the 
mixed metal spike was then added and the contact vial was manually shaken 
for five minutes to perform the contact, which was enough time for the bulk 
of the thorium to be extracted, based on literature data [253]. The strength 
of agitation was judged sufficient to fully inter-disperse the phases, and 
phase separation was rapid (< 10 s). 1 ml aliquots of the post-contact 
aqueous phase were taken and diluted with 1% analytical grade nitric acid 
for ICP-MS analysis.  
Diluted samples for ICP-MS analysis were expected to have approximately 
10 ppm of each metal. Due to the limit of detection for the instrument being 
0.001 ppm, the maximum 𝐷𝑀 which can be reported is ~10
4. This was taken 
to indicate quantitative extraction of the metal in question. 
In addition to the distribution ratio 𝐷𝑀 , it is also useful to present the 
separation factors against thorium 𝛼𝑀,𝑇ℎ and uranium 𝛼𝑀,𝑈, which 
represents the separation of thorium or uranium from another metal M. The 
formula for separation factor is given in Equation (6.1).  
 
𝛼𝑀,𝑇ℎ =
𝐷𝑀
𝐷𝑇ℎ
 (6.1) 
 
The error in separation factor may then be calculated using Equation (6.2), 
following the method described in Section 3.2.5. 
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𝛿𝛼𝑀,𝑇ℎ
|𝛼𝑀,𝑇ℎ|
= √(
𝛿𝐷𝑀
𝐷𝑀
)
2
+ (
𝛿𝐷𝑇ℎ
𝐷𝑇ℎ
)
2
 (6.2) 
 
From the errors measured in Table 3.2 the errors in the separation factor 
can be calculated. These are presented in Table 6.2. 
TABLE 6.2 –  CALCULATED PERCENTAGE ERRORS IN METAL SEPARATION FACTORS. 
METAL % ERROR IN 𝑫𝑴 
FROM EQUATION 
(3.8) 
% ERROR IN 𝜶𝑴,𝑻𝒉 
FROM EQUATION 
(6.2) 
% ERROR IN 𝜶𝑴,𝑼 
FROM EQUATION 
(6.2) 
Th 8.53% N/A 15.58% 
U 13.04% 15.58% N/A 
Fe 6.00% 10.43% 14.35% 
Zr 2.63% 8.93% 13.30% 
 
6.3 RESULTS 
Distribution ratio data are presented by aqueous phase in Figure 6.2 
(hydrochloric acid), Figure 6.3 (nitric acid) and Figure 6.4 (sulfuric acid). 
Two graphs are presented per acid, one for each aqueous acidity level. 
Abbreviated names as given in Table 6.1 are used to refer to the extractants 
in these figures. “PC-88a” indicates that no secondary extractant was added, 
thus giving a total extractant concentration in these samples of 0.1 M, as 
opposed to 0.15 M in the mixed samples. Lines between data points are a 
guide to the eye only.  
Numerical results of 𝐷𝑀 are tabulated in Appendix D to this thesis. 
6.3.1 ERROR CALCULATION 
The errors in metal concentration measurements were determined 
according to the method outlined in Section 3.2.2. 
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FIGURE 6.2 –  LOGARITHMIC DISTRIBUTION RATIOS WITH 0.5 M HYDROCHLORIC ACID (TOP) 
AND 3.0 M HYDROCHLORIC ACID (BOTTOM) AS THE AQUEOUS PHASE . RESULTS FOR 5 ML ACID 
WITH 100 PPM EACH METAL AGAINST 5 ML OF 0.1 M PC-88A AND 0.05 M OTHER EXTRACTANT 
IN N-DODECANE, WITH 5 MIN CONTACT TIME AT ROOM TEMPERATURE .  
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FIGURE 6.3 –  LOGARITHMIC DISTRIBUTION RATIOS WITH 0.5 M NITRIC ACID (TOP) AND 3.0 M 
NITRIC ACID (BOTTOM) AS THE AQUEOUS PHASE . RESULTS FOR 5 ML ACID WITH 100 PPM EACH 
METAL AGAINST 5 ML OF 0.1 M PC-88A AND 0.05 M OTHER EXTRACTANT IN N-DODECANE , 
WITH 5 MIN CONTACT TIME AT ROOM TEMPERATURE .  
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FIGURE 6.4 –  LOGARITHMIC DISTRIBUTION RATIOS WITH 0.5 M SULFURIC ACID (TOP) AND 3.0 
M SULFURIC ACID (BOTTOM) AS THE AQUEOUS PHASE . RESULTS FOR 5 ML ACID WITH 100  PPM 
EACH METAL AGAINST 5 ML OF 0.1 M PC-88A AND 0.05 M  OTHER EXTRACTANT IN N-
DODECANE, WITH 5 MIN CONTACT TIME AT ROOM TEMPERATURE . 
-6
-5
-4
-3
-2
-1
0
1
2
3
4
PC-88a HDEHP TBP TOPO MOA TOA TertOA A336 C101 BMIM
L
o
g 1
0
D
M
DTh DU DFe DZr
-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
PC-88a HDEHP TBP TOPO MOA TOA TertOA A336 C101 BMIM
L
o
g 1
0
D
M
DTh DU DFe DZr
CHAPTER 6 THORIUM SEPARATION BY TEN SOLVENT EXTRACTION MIXTURES 
 
249 
 
6.3.2 THIRD PHASE FORMATION BY DIOCTYLAMINE 
Dioctylamine is not presented in the results, as when exposed to acidic 
aqueous media a white, solid third phase was formed, which originally 
formed as a dispersion throughout the sample contact vial. High speed 
centrifugation of the vial compacted the third phase into a brittle, solid disc 
at the aqueous-organic phase interface. The third phase also occurred when 
dioctylamine in n-dodecane was exposed to acid in the absence of PC-88a or 
added metals, indicating that the third phase is a product of some 
interaction of the dioctylamine and the acid. No literature information could 
be found regarding this behaviour, and no other secondary extractant gave 
this behaviour, including the other amines. As a result no further study of 
dioctylamine was carried out in this work.  
6.4 DISCUSSION 
As can be seen from the results presented above, there is a significant 
variation in extraction of the four metals between different aqueous and 
organic phases. The results are discussed first for a given aqueous phase, 
and then comparisons will be drawn across the three aqueous phases.  
6.4.1 IDENTIFICATION OF POTENTIAL SEPARATION SYSTEMS 
Indicators of a good solvent extraction system for the separation of thorium 
or uranium from other metals may be characterised by one of three sets of 
distribution/separation data. These are expressed below for thorium, but 
the similar form exists for uranium (i.e. high log10 𝐷𝑈  with log10 αFe,U, 
log10 αZr,U and log10 αTh,U all significantly below zero). 
 High log10(𝐷𝑇ℎ), with log10 αFe,Th, log10 αZr,Th and log10 αU,Th all 
significantly below zero, indicating extraction of thorium into the 
organic phase with rejection of other elements – thorium is extracted 
with high selectivity. 
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 Low log10(𝐷𝑇ℎ) with log10 αFe,Th, log10 αZr,Th and log10 αU,Th all 
significantly above zero, indicating rejection of thorium by the 
organic phase which accepts other elements well – thorium is 
rejected while other elements are extracted. 
 Log10(𝐷𝑇ℎ)~1 with log10 αFe,Th, log10 αZr,Th and log10 αU,Th all far 
from zero, indicating strong separation of thorium from other 
elements, even if thorium itself distributes relatively evenly across 
the organic and aqueous phases – other elements are rapidly 
extracted or rejected, while thorium may be partitioned to one phase 
with multiple contact stages. 
For αM,Th or αM,Th values around unity further processing steps will likely be 
required to separate the thorium or uranium from the contaminant M. 
Multiple contact stages may be able to perform the separation to a 
satisfactory level, although more stages lead to increased costs. Hence, 
strong separation factors are desirable. 
As two acidities were investigated for each system, it may be apparent that 
systems exist where the acidity could be varied in order to move from one 
set of desirable extraction behaviour to another. For example, a system 
might exhibit strong extraction of all metals at high acidity, and reject 
thorium and/or uranium at low acidity while retaining other metals. This 
could form the basis of a promising extraction and back-extraction circuit. 
Figure 6.5, Figure 6.6 and Figure 6.7 show the distribution ratio for thorium 
𝐷𝑇ℎ and the separation factors for other metals against thorium αM,Th, for 
hydrochloric acid, nitric acid and sulfuric acid respectively. 
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FIGURE 6.5 –  LOGARITHMIC DISTRIBUTION RATIO FOR THORIUM (LINE) AND LOGARITHMIC 
SEPARATION FACTORS FOR CO-CONTAMINANTS AGAINST THORIUM (BARS) WITH 0.5 M 
HYDROCHLORIC ACID (TOP) OR 3.0 M HYDROCHLORIC ACID (BOTTOM) AS THE AQUEOUS PHASE . 
RESULTS FOR 5 ML ACID WITH 100 PPM EACH METAL AGAINST 5 ML OF 0.1 M PC-88A AND 
0.05 M OTHER EXTRACTANT IN N-DODECANE, WITH 5 MIN CONTACT TIME AT ROOM 
TEMPERATURE. 
-3
-2
-1
0
1
2
3
4
PC-88a HDEHP TBP TOPO MOA TOA TertOA A336 C101 BMIM
L
o
g 
D
M
, L
o
g 
α
M
,T
h
αU,Th αFe,Th αZr,Th DTh
-3
-2
-1
0
1
2
3
4
PC-88a HDEHP TBP TOPO MOA TOA TertOA A336 C101 BMIM
L
o
g 
D
T
h
, L
o
g 
α
M
,T
h
αU,Th αFe,Th αZr,Th DTh
THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS 
 
252 
 
 
 
 
FIGURE 6.6 –  LOGARITHMIC DISTRIBUTION RATIO FOR THORIUM (LINE) AND LOGARITHMIC 
SEPARATION FACTORS FOR CO-CONTAMINANTS AGAINST THORIUM (BARS) WITH 0.5 M NITRIC 
ACID (TOP) OR 3.0 M NITRIC ACID (BOTTOM) AS THE AQUEOUS PHASE . RESULTS FOR 5 ML ACID 
WITH 100 PPM EACH METAL AGAINST 5 ML OF 0.1 M PC-88A AND 0.05 M OTHER EXTRACTANT 
IN N-DODECANE, WITH 5 MIN CONTACT TIME AT ROOM TEMPERATURE .  
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FIGURE 6.7 –  LOGARITHMIC DISTRIBUTION RATIO FOR THORIUM (LINE) AND LOGARITHMIC 
SEPARATION FACTORS FOR CO-CONTAMINANTS AGAINST THORIUM (BARS) WITH 0.5 M 
SULFURIC ACID (TOP) OR 3.0 M SULFURIC ACID (BOTTOM) AS THE AQUEOUS PHASE . RESULTS 
FOR 5 ML ACID WITH 100 PPM EACH METAL AGAINST 5 ML OF 0.1 M PC-88A AND 0.05 M 
OTHER EXTRACTANT IN N-DODECANE, WITH 5 MIN CONTACT TIME AT ROOM TEMPERATURE . 
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FIGURE 6.8 –  LOGARITHMIC DISTRIBUTION RATIO FOR URANIUM (LINE) AND LOGARITHMIC 
SEPARATION FACTORS FOR CO-CONTAMINANTS AGAINST URANIUM (BARS) WITH 0.5 M 
HYDROCHLORIC ACID (TOP) OR 3.0 M HYDROCHLORIC ACID (BOTTOM) AS THE AQUEOUS PHASE . 
RESULTS FOR 5 ML ACID WITH 100 PPM EACH METAL AGAINST 5 ML OF 0.1 M PC-88A AND 
0.05 M OTHER EXTRACTANT IN N-DODECANE, WITH 5 MIN CONTACT TIME AT ROOM 
TEMPERATURE. 
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FIGURE 6.9 –  LOGARITHMIC DISTRIBUTION RATIO FOR URANIUM (LINE) AND LOGARITHMIC 
SEPARATION FACTORS FOR CO-CONTAMINANTS AGAINST URANIUM (BARS) WITH 0.5 M NITRIC 
ACID (TOP) OR 3.0 M NITRIC ACID (BOTTOM) AS THE AQUEOUS PHASE. RESULTS FOR 5 ML ACID 
WITH 100 PPM EACH METAL AGAINST 5 ML OF 0.1 M PC-88A AND 0.05 M OTHER EXTRACTANT 
IN N-DODECANE, WITH 5 MIN CONTACT TIME AT ROOM TEMPERATURE . 
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FIGURE 6.10 –  LOGARITHMIC DISTRIBUTION RATIO FOR URANIUM (LINE) AND LOGARITHMIC 
SEPARATION FACTORS FOR CO-CONTAMINANTS AGAINST URANIUM (BARS) WITH 0.5 M 
SULFURIC ACID (TOP) OR 3.0 M SULFURIC ACID (BOTTOM) AS THE AQUEOUS PHASE . RESULTS 
FOR 5 ML ACID WITH 100 PPM EACH METAL AGAINST 5 ML OF 0.1 M PC-88A AND 0.05 M 
OTHER EXTRACTANT IN N-DODECANE, WITH 5 MIN CONTACT TIME AT ROOM TEMPERATURE . 
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Figure 6.8, Figure 6.9 and Figure 6.10 show the distribution ratio for 
uranium 𝐷𝑈  and the separation factors for other metals against uranium 
αM,U, for hydrochloric acid, nitric acid and sulfuric acid respectively. 
It should be borne in mind that the total concentration of extractant in the 
mixed systems was 0.15 M (0.1 M PC-88a + 0.05 M synergist), while the in 
PC-88a alone system the total extractant concentration was 0.1 M. As such, 
care should be taken in comparing the results for PC-88a alone to those for a 
secondary extractant, as differences between these may be due to the 
different extractant concentration rather than the use of different 
extractants. Unfortunately, as can be seen from the results presented in 
Chapter 3, it is not possible to simply extrapolate the impact of increased 
extractant concentration on distribution ratio.  
6.4.2 EXTRACTION FROM HYDROCHLORIC ACID 
6.4.2.1 THORIUM EXTRACTION FROM HYDROCHLORIC ACID 
When extracting from 0.5 M hydrochloric acid, 𝐷𝑇ℎ ranges from 100 to 4000 
for all extractant combinations. HDEHP and MOA as secondary extractants 
give greater extraction than PC-88a alone. Other secondary extractants 
reduce the extraction of thorium compared to PC-88a alone, with TOPO, 
TOA and C101 giving the lowest extraction, although 𝐷𝑇ℎ remains above 
100.  
Increasing the acidity greatly reduces extraction. The secondary extractants 
TOPO and HDEHP give good extraction, with 𝐷𝑇ℎ of 10-100. For PC-88a 
alone and the other secondary extractants thorium distributes relatively 
evenly across the two phases.  
6.4.2.2 URANIUM EXTRACTION FROM HYDROCHLORIC ACID 
Uranium is well extracted from 0.5 M hydrochloric acid by PC-88a alone and 
all extractant pairings, with 𝐷𝑈  of 150 – 280 for most. The use of TOPO or 
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HDEHP as the secondary extractant gives a stronger extraction than PC-88a 
alone. 
For 3.0 M hydrochloric acid, uranium extraction is reduced overall. PC-88a 
alone and with TBP, MOA, TertOA and BMIM give 𝐷𝑈~3.2, while others give 
increasing 𝐷𝑈  in the order PC-88a < HDEHP < A336 < TOA < C101 ≲ TOPO. 
6.4.2.3 SEPARATION OF URANIUM AND THORIUM IN 
HYDROCHLORIC ACID 
The separation factors for uranium against thorium were rarely greater than 
one order of magnitude, with TOPO giving the greatest separation due to the 
strong extraction of uranium and comparatively poor extraction of thorium. 
Separation factors for uranium in 3 M HCl were variable across the range of 
secondary extractants. Poor separation of the two actinides is given by PC-
88a alone, TBP, MOA, TertOA and BMIM, whereas good separation is given 
by TOPO, TOA, A336 and C101.  
6.4.2.4 SEPARATION OF CONTAMINANTS FROM THORIUM IN 
HYDROCHLORIC ACID 
At 0.5 M HCl, iron is extracted with DFe in the range 2 – 25, with HDEHP 
giving the strongest extraction. TBP, TOPO, TertOA and BMIM reduce DFe 
below that of PC-88a alone. The separation factors are high across the range 
of organic phases due to the relatively poor extraction of iron compared to 
thorium. At 3.0 M HCl, iron is either strongly extracted or moderately 
rejected depending on the secondary extractant. PC-88a alone gives 
rejection with DFe of 0.14, and rejection is also given by TBP, HDEHP, MOA, 
TertOA and BMIM. However, increasingly strong 𝐷𝐹𝑒 was given in the order 
TOPO < A336 < TOA ≲ C101. Separation factors were variable, but generally 
strong, with the lowest being given by TOPO (𝛼𝐹𝑒,𝑇ℎ = 6.1).  
Zirconium is extracted strongly from hydrochloric acid into the organic 
phase by all studied extractant combinations. When the hydrochloric acid 
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concentration is 0.5 M, zirconium is quantitatively extracted. When 3.0 M 
hydrochloric acid is used, the zirconium extraction is slightly reduced for 
many secondary extractants, although 𝐷𝑍𝑟  remains very high in all cases. 
HDEHP, MOA, TertOA and BMIM give quantitative extraction. The lowest 
extraction is given by TOA (𝐷𝑍𝑟 = 227). 
6.4.2.5 SEPARATION OF CONTAMINANTS FROM URANIUM IN 
HYDROCHLORIC ACID 
Uranium is extracted more strongly than iron by all extractants from 0.5 M 
HCl, with TOPO giving the greatest separation due to the strong extraction of 
uranium given by mixtures of PC-88a and TOPO. Other extractant mixtures 
gave separation factors of between 26 and 100. From 3.0 M HCl, some 
extractant mixtures give greater extraction of iron than uranium, being 
trioctylamine and Aliquat-336. Cyphos 101 gives relatively poor separation 
of uranium and iron. The remainder give separation factors of 10-110, with 
uranium extracted more strongly than iron. 
Zirconium is always extracted more strongly than uranium from 
hydrochloric acid solutions due to the strong or quantitative extraction of 
zirconium. The use of TOPO from the less concentrated acid gives poor 
separation due to the strong extraction of uranium. The greatest separation 
is achieved by those extractants which give lower uranium extraction. 
6.4.2.6 SUMMARY OF EXTRACTION BEHAVIOUR FROM 
HYDROCHLORIC ACID 
Overall, the correct selection of secondary extractant is vital to ensure 
separation of uranium and iron from thorium, particularly from 3.0 M HCl 
for uranium. At 0.5 M, 𝛼𝐹𝑒,𝑇ℎ values are consistently greater than from 3 M, 
but both uranium and thorium are very well extracted, making extractive 
separation of the target metals potentially difficult. At 3.0 M HCl, iron may 
be either moderately extracted or rejected depending on the secondary 
extractant, while thorium may distribute slightly into either phase and 
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uranium is either well (𝐷𝑈 = 16-615) or slightly (𝐷𝑈 = ~3) extracted. The 
distributions of iron and uranium for 3.0 M HCl follow a similar pattern 
across the range of secondary extractants; if 𝐷𝑈  increases, 𝐷𝐹𝑒 usually also 
increases, and this is true for decreases between extractants also. This 
suggests that PC-88a is dominating the extraction behaviour for these 
metals from 3.0 M HCl. Due to the strong extraction of zirconium, separation 
from thorium and uranium would have to be reliant on low values of 𝐷𝑇ℎ 
and 𝐷𝑈 , either by extracting all metals and then selectively back-extracting 
thorium and uranium, or by preferential extraction of zirconium.  
6.4.3 EXTRACTION FROM NITRIC ACID 
6.4.3.1 THORIUM EXTRACTION FROM NITRIC ACID 
Complete extraction of thorium was observed for all studied organic phases 
from both 0.5 M and 3.0 M nitric acid. As PC-88a alone gave complete 
extraction, it can be assumed that any antagonism between PC-88a and the 
secondary extractant was insufficient to reject an observable quantity of 
thorium from the organic phase. 
6.4.3.2 URANIUM EXTRACTION FROM NITRIC ACID 
Uranium is well extracted into the organic phase from 0.5 M HNO3 by all 
extractant pairings. Compared to PC-88a alone, TOA, TertOA, A336 and 
C101 give higher 𝐷𝑈 , while TBP gives antagonism.  
The extraction of uranium from 3.0 M HNO3 is more variable. Values of DU 
range from approximately 25-110 in most cases, with the exception of TOPO 
as the secondary extractant, which gives 𝐷𝑈~1000. 
6.4.3.3 SEPARATION OF URANIUM AND THORIUM IN NITRIC ACID 
In 0.5 M HNO3, values of 𝛼𝑈,𝑇ℎ are all at least 10, and that of TBP exceeds 
100. A separation of thorium and uranium from this aqueous medium would 
be therefore best achieved by the use of TBP as the secondary extractant to 
CHAPTER 6 THORIUM SEPARATION BY TEN SOLVENT EXTRACTION MIXTURES 
 
261 
 
minimise simultaneous extraction of uranium, although 𝐷𝑈 = 50 for TBP. 
Values of 𝛼𝑈,𝑇ℎ are generally better for 3.0 M HNO3 than for 0.5 M HNO3. 
6.4.3.4 SEPARATION OF CO-CONTAMINANTS FROM THORIUM IN 
NITRIC ACID 
For 0.5 M HNO3, PC-88a alone gives 𝐷𝐹𝑒~1. Most secondary extractants are 
antagonistic, and give a slightly greater rejection of iron. The greatest 
rejection is given by MOA, with 𝐷𝐹𝑒 of 0.2. HDEHP and BMIM are exceptions 
to this, extracting iron with 𝐷𝐹𝑒 of 6.0 and 2.1 respectively. The fact that 
thorium is completely extracted across the range of extractants means that 
𝛼𝐹𝑒,𝑇ℎ values are always very high. For 3.0 M HNO3, a similar set of results is 
given. A slight tendency towards iron rejection is observed for all extractant 
pairings, with the exception of HDEHP as secondary extractant, which 
extracts with 𝐷𝐹𝑒 = 3.4. As with 𝛼𝑈,𝑇ℎ, strong separation is observed due to 
the complete extraction of thorium by all extractants. 
6.4.3.5 SEPARATION OF CO-CONTAMINANTS FROM URANIUM IN 
NITRIC ACID 
Across all extractant pairings and for both acid concentrations, the 
distribution ratio of uranium lies between those of iron (generally rejected 
except for with HDEHP) and zirconium (quantitatively extracted). 
Separation factors for iron are always >10, and are >100 for seven of the 
secondary extractants. HDEHP gives the lowest separation, due to iron being 
extracted by this mixture.  
The separation of uranium and zirconium is based on the non-quantitative 
extraction of uranium. For those mixtures which extract uranium strongly, 
the separation against zirconium will be reduced. Across both acid 
concentrations, the lowest separation factor is given by mixtures of TOPO 
and PC-88a from 3.0 M nitric acid, due to the strong extraction of uranium. 
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6.4.3.6 SUMMARY OF EXTRACTION BEHAVIOUR FROM NITRIC ACID 
Overall, the extraction behaviour from nitric acid is characterised by 
quantitative extraction of the more charge dense metals, zirconium and 
thorium, across all studied organic phases. Selective extraction appears 
unlikely to deliver an effective separation of these two metals, and instead it 
may be necessary to rely on selective back-extraction. Uranium separation 
may be effected by using an extractant which gives slight uranium 
extraction which may be readily stripped of uranium while retaining 
thorium and zirconium in the organic phase. Iron is generally slightly 
rejected, allowing relatively easy separation of this metal. 
6.4.4 EXTRACTION FROM SULFURIC ACID 
6.4.4.1 THORIUM EXTRACTION FROM SULFURIC ACID 
For 0.5 M H2SO4, thorium tends to either have complete rejection or a 
relatively even distribution. A slight rejection is observed for PC-88a alone 
and with MOA, TertOA and BMIM as secondary extractants. TOPO, TOA and 
A336 give complete rejection, and TBP gives moderate rejection. 
Distribution is even between the phases for C101. HDEHP does not follow 
the other secondary extractants, giving a reasonably strong extraction. For 
3.0 M H2SO4, thorium is rejected by all organic phases. PC-88a alone and 
many secondary extractants give complete rejection. MOA, TBP and TOPO 
give some measurable thorium extraction, but overall the great majority of 
the thorium still remains in the aqueous phase.  
6.4.4.2 URANIUM EXTRACTION FROM SULFURIC ACID 
For 0.5 M H2SO4, uranium is extracted well by all tested extractant pairings, 
with 𝐷𝑈  in the range 20 – 200. TOPO gives the strongest extraction.  
For 3.0 M H2SO4, 𝐷𝑈  is close to unity, with slight rejection, for most 
extractant pairings. The main exception is when TOPO is used as the 
secondary extractant, which gives quantitative extraction of uranium. 
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6.4.4.3 SEPARATION OF URANIUM AND THORIUM IN SULFURIC ACID 
From 0.5 M H2SO4, the extraction of thorium is much more variable as a 
function of secondary extractant choice than that of uranium. Thus, the 
distribution ratio of thorium dominates the separation factor. TOPO, 
trioctylamine and Aliquat-336 give the greatest separation as these 
secondary extractants give quantitative thorium rejection. Uranium is 
always more strongly extracted than thorium. 
From 3.0 M H2SO4, again uranium is more strongly extracted than thorium 
across all extractants, with most mixtures giving strong or quantitative 
rejection of thorium, while uranium distributes quite evenly across the 
phases. Values of 𝛼𝑈,𝑇ℎ are strong across the range of extractants, although 
less so for TBP and MOA due to the weaker rejection of thorium.  
6.4.4.4 SEPARATION OF CO-CONTAMINANTS FROM THORIUM IN 
SULFURIC ACID 
For 0.5 M H2SO4, 𝐷𝐹𝑒 is slightly below unity for most extractants. PC-88a 
alone and with TBP have 𝐷𝐹𝑒 values of ~0.12. Other secondary extractants 
increase the overall extraction of iron, although slight rejection remains the 
trend. HDEHP and C101 give 𝐷𝐹𝑒 greater than unity, although the maximum 
distribution ratio achieved is only 2.2, which is for HDEHP. Values of 𝛼𝐹𝑒,𝑇ℎ 
vary considerably, mainly as a function of 𝐷𝑇ℎ. For 3.0 M H2SO4, iron 
rejection is even stronger. PC-88a alone has 𝐷𝐹𝑒 = 0.02, but most secondary 
extractants give complete rejection. HDEHP and C101 give a comparatively 
minor rejection of iron, although 𝐷𝐹𝑒 is greater than for PC-88a alone. Good 
𝛼𝐹𝑒,𝑇ℎ values can be achieved except for with TOA, TertOA, A336 and BMIM, 
which reject both thorium and iron. 
Zirconium is well extracted from sulfuric acid at both acidities, although 
overall extraction is stronger from the less concentrated acid. For 0.5 M 
H2SO4, the use of TBP or TOPO reduces 𝐷𝑍𝑟 compared to PC-88a alone. Other 
extractants give slightly increased 𝐷𝑍𝑟 , and C101 gives quantitative 
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extraction of zirconium. This strong extraction gives high 𝛼𝑍𝑟,𝑇ℎ for all 
systems except with HDEHP, due to it extracting both thorium and 
zirconium, as well as uranium and to a lesser extent iron. For 3.0 M H2SO4, 
𝐷𝑍𝑟 ranges from 10 – 280. Many secondary extractants show antagonism for 
zirconium, as can be observed by the reduced 𝐷𝑍𝑟 relative to that of PC-88a 
alone. MOA gave the strongest 𝐷𝑍𝑟 . Values of 𝛼𝑍𝑟,𝑇ℎ are strong across the 
range of extractants, and strongest for those which reject thorium.  
6.4.4.5 SEPARATION OF CO-CONTAMINANTS FROM URANIUM IN 
SULFURIC ACID 
As iron is generally rejected from the organic phase into sulfuric acid, the 
separation of iron and uranium in 0.5 M sulfuric acid media is quite 
achievable. Separation factors were found to lie between 30 (Aliquat-336) 
and 1000 (TOPO). From 3.0 M acid separation factors were generally much 
stronger, due to the quantitative rejection of iron for most secondary 
extractants. The greatest separation is again given by TOPO, due to it also 
strongly extracting uranium while rejecting iron. 
Strong sulfuric acid was observed to reduce the distribution ratio of 
zirconium. While the metal is still extracted, the extraction is no longer 
quantitative. TOPO as the secondary extractant actually gives a strong 
negative value of log10 𝛼𝑍𝑟,𝑈, with uranium being quantitatively extracted 
while 𝐷𝑍𝑟 = 22, and iron and thorium are rejected. Uranium extraction is 
also stronger than zirconium extraction from 0.5 M H2SO4, but the 
separation factor is very small (0.6). For other secondary extractants the 
separation factor varies in the range 11 (TBP) to 460 (octylamine) for 3.0 M 
acid and in the range 5 (TBP) to 88 (BMIM chloride) for 0.5 M acid. 
6.4.4.6 SUMMARY OF EXTRACTION BEHAVIOUR FROM SULFURIC 
ACID 
Thorium exhibits quite different behaviour depending on the concentration 
of H2SO4. Sulfuric acid appears to be the most difficult aqueous medium of 
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those studied from which to extract thorium with the studied organic media. 
However, the extraction of co-contaminants is much greater than that of 
thorium, and thus selective extraction of co-contaminants might form the 
basis of a successful separation flowsheet. In contrast, the distribution of 
uranium from sulfuric acid media is generally only slightly affected by the 
secondary extractant, with TOPO being the major exception. TOPO gives 
good separation of uranium from iron and thorium, but unfortunately this 
results in a poor separation factor against zirconium.  
6.4.5 SUMMARY OF EXTRACTION BEHAVIOURS 
Across the various aqueous and organic phases studied, some general 
observations may be recorded. This section presents a summary of the 
extraction behaviour of the four metals of interest reported in detail above. 
Thorium extraction is highly variable depending on the selection of aqueous 
and organic phase. For hydrochloric acid, extraction at 0.5 M is strong, but 
this is reduced at 3.0 M HCl, often to the point of equal thorium distribution 
between phases. Nitric acid gives complete extraction into all organic phases 
at either of the studied acidities. Sulfuric acid at 0.5 M may either slightly or 
completely reject thorium, although HDEHP gives quite strong extraction 
from this medium, while 3.0 M H2SO4 reduces DTh across the range, giving 
complete rejection in most cases. In general, thorium is most easily 
extracted from nitric acid, followed with hydrochloric acid and then sulfuric 
acid. This follows the order of decreasing thorium species stability 
constants, as was shown in Table 3.7 (page 130), indicating that the 
extractant is competing with the anions in solution for the metal. 
Uranium is extracted well from most aqueous media, with the exception of 
3.0 M sulfuric acid, in which case it gives even distribution across the 
phases. Hydrochloric acid gives 𝐷𝑈 > 100 for all secondary extractants at 
low acidity, and while this reduces at higher acidity the general trend 
remains towards extraction. Extraction was stronger from nitric acid at each 
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concentration, with mixtures of PC-88a and TOPO extracting particularly 
strongly from 3.0 M nitric acid. From sulfuric acid, the extraction of uranium 
is more dependent on acid concentration. At low acidity, uranium is well 
extracted by mixtures of PC-88a and the secondary extractants, with 𝐷𝑈 >
10 for all mixtures. However, increasing the acidity to 3.0 M leads to a 
reduction in extraction, with uranium distribution evenly across the phases. 
This is with the exception of TOPO as secondary extractant, which gives 
increased uranium extraction. 
Uranium and thorium separation factors are highly variable across the 
range of studied systems. Uranium is never strongly rejected by the organic 
phase, and is often well extracted, although 3.0 M hydrochloric or sulfuric 
acid can give a relatively even distribution between phases with the use of 
some secondary extractants.  
Iron often distributes equally between the phases. Nitric acid and 0.5 M 
sulfuric acid gave mostly equal distributions, but 3.0 M sulfuric acid often 
led to iron being strongly rejected. 0.5 M hydrochloric acid generally gives 
extraction with 𝐷𝐹𝑒 between 2.1 and 6.2. However, 3.0 M HCl produced a set 
of either moderate rejections or strong extractions. 
Zirconium is extracted well from all acids by all organic phases, and 
thorium/zirconium separation will likely best be done by selective back-
extraction of thorium, leaving zirconium in the organic phase. If extractive 
separation of zirconium and thorium were required, this would likely need 
to be accomplished at plant scale either by a rapid contact to remove the 
bulk of the zirconium from the feed, followed by thorium extraction in later 
steps, or by some variation in extraction conditions beyond the scope of the 
work presented in this chapter. 
CHAPTER 6 THORIUM SEPARATION BY TEN SOLVENT EXTRACTION MIXTURES 
 
267 
 
6.4.6 SUGGESTED SEPARATIONS SYSTEMS FOR FURTHER DEVELOPMENT 
6.4.6.1 THORIUM SEPARATIONS FROM HYDROCHLORIC ACID MEDIA 
Thorium is extracted well by PC-88a and HDEHP from both concentrations 
of hydrochloric acid, being quantitatively extracted from 0.5 M acid. When 
searching for a simultaneous separation of thorium from the three co-
contaminants, an effective system will be to begin with 0.5 M hydrochloric 
acid, using PC-88a and A336 as the extractants. Zirconium is loaded 
completely, thorium and uranium are loaded strongly, and iron is loaded 
moderately. Back-extraction could then be performed by increasing the acid 
concentration to 3.0 M. The co-contaminants will remain in the organic 
phase, but thorium will be rejected to an aqueous product stream. However, 
a large number of back-extraction stages may be required due to the 
relatively weak rejection of thorium under these conditions. More 
concentrated HCl is predicted to further reduce 𝐷𝑇ℎ, which may optimise 
this process. Additionally, suitable back-extraction processes must be 
devised for Fe, U and Zr in order to allow the organic phase to be recycled.  
6.4.6.2 THORIUM SEPARATIONS FROM NITRIC ACID MEDIA 
Based on the data presented in this chapter, it is difficult to recommend a 
promising separation system for thorium in nitric acid based on PC-88a and 
a secondary extractant. Across the range of extractants and at both acidities, 
thorium and zirconium are both quantitatively extracted, and uranium 
extraction is strong at all tested conditions. At either of the tested acidities, 
MOA would give iron rejection, as the secondary extractant with the lowest 
value of 𝐷𝐹𝑒 at low acidity, and on par with a number of others at the higher 
acidity. The greatest uranium separation is given by PC-88a alone from 3.0 
M HNO3. Nitric acid systems are not recommended for further development.  
THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS 
 
268 
 
6.4.6.3 THORIUM SEPARATIONS FROM SULFURIC ACID MEDIA 
The most effective separation of thorium from co-contaminants in sulfuric 
acid media is likely to be based on selective rejection or back-extraction of 
thorium, while the co-contaminants are largely partitioned to the organic 
phase. The use of Aliquat-336 as the secondary extractant at low acidity 
gives strong extraction of uranium and zirconium while thorium is rejected. 
Iron is slightly rejected, but multiple extraction stages could be used to 
extract the iron. Alternatively, some variation in extraction conditions may 
be able to increase iron extraction per stage. 
If HDEHP were to be used as the secondary extractant at low acidity all four 
metals are extracted to some degree. If back-extraction were to be 
performed at high acidity thorium would then be completely rejected and 
iron slightly rejected, while uranium and zirconium would remain largely in 
the organic phase. More precise pH control between these two extremes 
may find a condition where the separation factors can be further increased, 
allowing iron to be retained in the organic phase while thorium is back-
extracted.  
The decrease in 𝐷𝑇ℎ is greater than the decrease in 𝐷𝑇ℎ between 0.5 M and 
3.0 M acidity, and if the relationship between 𝐷 and acidity is assumed to be 
constant then the point where 𝐷𝑇ℎ = 𝐷𝐹𝑒 is at 1.077 M, as shown in Figure 
6.11. The required acidity to give extraction of thorium but rejection of iron 
is between 1.122 M and 1.375 M. The condition for equal extraction of 
thorium and rejection of uranium, where 𝐷𝑇ℎ and 𝐷𝐹𝑒 are equidistant from 
unity, is given by Equation (6.3).  
 log𝐷𝑇ℎ + log𝐷𝐹𝑒 = 0 (6.3) 
 
This condition is given by an acid concentration of 1.161 M, which gives a 
separation factor of 0.65. 
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FIGURE 6.11 –  INTERPOLATION OF DISTRIBUTION RATIOS FOR THORIUM AND URANIUM 
EXTRACTED FROM SULFURIC ACID AT ACIDITIES 0.5 M AND 3.0 M BY A MIXTURE OF 0.1 M PC-
88A AND 0.05 M HDEHP IN n-DODECANE. 
6.4.6.4 URANIUM SEPARATIONS FROM HYDROCHLORIC ACID OR 
NITRIC ACID 
For both concentrations tested of hydrochloric acid and nitric acid, uranium 
was found to be extracted well. As such, back extraction of uranium by these 
acids is not possible at 0.5 M or 3.0 M acidity. Other concentrations or the 
addition of counterions such as sulfate may be used to strip uranium with 
these acids. With sulfuric acid, a high acid concentration may be used to 
strip uranium, although it appears that acid concentrations of greater than 
3.0 M are required for effective stripping.  
The use of a different loading acid and stripping acid might be used to give 
effective separation of uranium from hydrochloric or nitric acid media. 
However, this is likely to lead to contamination of the strip solution by 
unwanted ions carried over from the aqueous feed, particularly if the 
extracted complex includes anions from the acid, as is common for solvation 
and anion exchange mechanisms. For example, if uranium were to be 
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extracted as an organic uranyl nitrate complex, the back extraction would 
lead to nitrate addition to the stripping solution, likely resulting in reduced 
stripping efficiency.  
6.4.6.5 URANIUM SEPARATIONS FROM SULFURIC ACID MEDIA 
The use of sulfuric acid as both aqueous feed and stripping solution 
prevents contamination of the stripping solution by anions from the feed. As 
thorium is poorly recovered from sulfuric acid due to formation of relatively 
stable thorium sulfate sulfuric acid offers good opportunities to recover 
uranium only, leaving thorium in the aqueous raffinate, as is performed with 
the Interim-23 process. Trioctylamine offers a system which can strongly 
load uranium and zirconium from a dilute sulfuric acid feed, leaving iron 
and particularly thorium in the raffinate. Increasing the acidity then allows 
uranium to be selectively stripped, retaining zirconium in the organic phase. 
Use of acidities > 3.0 M should allow greater uranium back-extraction. This 
gives advantages over the use of PC-88a alone, which does not reject 
thorium very strongly at 0.5 M. Aliquat-336 gives greater uranium rejection 
at 3.0 M, but iron is not so strongly rejected during the extraction from 0.5 M 
acid. Overall, some further detail of the relationship between acidity and 
distribution ratio is required to make good recommendations about these 
systems.  
For recovery of both uranium and thorium, the PC-88a/HDEHP mixture is 
recommended, either loading all metals at 0.5 M acid, and then selectively 
rejecting thorium at ~1.16 M and iron at ~3.0 M. It is believed that uranium 
may be then rejected at higher acidities, although further experimental work 
would be required to determine whether uranium is stripped by strong acid, 
or possibly by increasing the concentration of sulfate anion. 
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6.5 CONCLUSIONS 
The screening study presented in this chapter was useful in determining 
promising systems from a range of aqueous and organic phases, and based 
on these results the next step was to select one or more systems for further 
detailed development.  
The chosen system should ideally strongly extract thorium and/or uranium 
and reject other metals, or strongly extract other metals while rejecting 
thorium and/or uranium. It can be seen from the results of the screening 
experiments that no such system was found among those tested. However, a 
number of systems do exist where the target metals are not strongly 
partitioned into either phase but the co-contaminants are, and the results 
suggest several systems where slight modifications to the system acidity will 
yield such conditions.  
6.6 FUTURE WORK 
Any of the systems discussed in Section 6.4.6 could be further developed, 
and these represent areas of further work beyond the scope of this thesis. 
These selected systems may undergo an initial round of further 
development to gather additional information on their behaviour over a 
range of acidities, organic mixture concentrations and extractant ratios, and 
the impact of anion concentration, in order to determine whether these 
systems do provide promising options for detailed investigation. Following 
from this, the most promising systems should undergo detailed 
development, potentially following the methodology and results described 
in Chapter 3, and the further work described for the system detailed in that 
chapter.  
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6.7 CHAPTER SUMMARY 
In this chapter a number of aqueous and organic media have been 
considered for thorium and uranium separation from iron and zirconium. By 
performing a screening study it has been possible to select the most 
interesting aqueous and organic solutions for further development and 
study. The most promising systems may now undergo further development 
beyond the work presented here. 
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7 OVERALL CONCLUSIONS AND 
FUTURE WORK 
This thesis has presented novel work in three areas. This closing chapter 
reviews the motivations and aims of the research, what was found during 
the work, and summarises that which remains to be done.  
7.1 MOTIVATION FOR WORK AND AIMS 
As was discussed in Chapter 1, there is an increasing need for energy which 
can be met effectively by nuclear power. Thorium can supplement natural 
uranium resources as an alternative fertile material, and can bring its own 
unique advantages, such as fuel breeding in a thermal neutron spectrum, 
minimal transmutation to plutonium and improved fissile conversion as a 
component of mixed oxide fuels compared to 238U. 
The main source of thorium beyond existing inventories is likely to be 
monazite and monazite processing residues. When the literature was 
investigated it was found that solvent extraction processes for the 
separation of thorium from contaminants have been investigated over many 
years, with new extractants and diluents still being produced and studied. 
These were mainly for the separation of thorium from rare earth elements 
and other components of monazite and bastnäsite. However, even some of 
the most well-established extractants have not been fully investigated in 
binary combinations, and given their availability and relative maturity these 
extractants may yet deliver highly attractive separations processes through 
synergic interactions. 
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This led to the first aim of the work, which was to determine the extracted 
complexes and number of contact stages required to extract 99% of the 
dissolved thorium from an acidic monazite leachate using a synergic solvent 
extraction system. The mixture of PC-88a and HDEHP was selected, as PC-
88a is the currently used industrial thorium extractant, but it does not 
separate thorium well from iron or uranium [34]. HDEHP was selected as an 
established extractant which extracts thorium more strongly than uranium, 
particularly from strong acid, and does not extract iron. 
While the eventual use of thorium is predicted by many to be in molten salt 
reactors, it is commonly agreed that the first modern use of thorium for 
power generation will be as an oxide fuel in current generation LWRs 
and/or PHWRs. In these reactors an internal neutron source is required to 
act as a fissile driver. Studies into plutonium and uranium driven thorium 
oxide fuels within LWRs and PHWRs have shown that these fuels, when 
correctly implemented, can bring benefits over LEU or U-Pu MOX fuels, even 
achieving fuel breeding and/or significantly extended fuel lifetimes in the 
core. The great majority of such studies have looked at single heavy metal 
element fissile drivers, being either uranium or plutonium. However, the use 
of U-Pu MOX as a fissile driver has only been slightly studied in the 
literature, and only a single, limited study could be found into the use of 
such fuel in PHWRs. Given that an Enhanced CANDU 6 PHWR may be 
constructed in the UK for plutonium irradiation in the coming years, this 
reactor was selected for these MOX-driven three-component fuels, in order 
to determine the potential advantages that such fuels might bring. 
This led to the second aim of this work, which was to determine the 
neutronic feasibility of mixed U-Pu-Th oxide nuclear fuels as an alternative 
to the proposed UK CANMOX fuel of U-Pu MOX with dysprosium burnable 
absorber in the Enhanced CANDU 6 reactor. Neutronic feasibility was 
established by determining the beginning of life infinite multiplication factor 
relative to that of natural uranium fuel, and the reactivity depletion and 
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conversion factor with burnup. In order to determine the elimination and 
isotopic conversion of fissile plutonium, the change in fuel composition was 
also determined. Furthermore, CANDU reactors are known to operate with a 
positive void coefficient, but this becomes negative when the central region 
of the fuel bundle is replaced by a zirconium or graphite “fuel” element [378, 
443]. It was postulated that thorium may also offer this advantage, at least 
early in the irradiation before significant conversion of thorium to fissile 
233U, and so this was also examined. 
Finally, it was observed in the literature that few studies have reported on 
the separation of thorium and uranium from spent thorium nuclear fuel. 
Currently, the main process for reprocessing thorium spent fuel is the Acid 
THOREX process, which uses solvent extraction with TBP to recover 
uranium and also possibly thorium. TBP has a number of issues, and the use 
of a synergic mixture of extractants was proposed as a replacement for TBP. 
PC-88a was retained as a primary extractant, but a range of ten potential 
synergists were examined. The aim was to find a synergist which would 
allow the individual recovery of thorium and uranium from zirconium and 
iron. The aim was to determine the distribution ratios for the four metals, 
and the separation factors for uranium and thorium against one another and 
zirconium and iron.  
7.2 THORIUM PURIFICATION FROM MONAZITE AND 
MONAZITE RESIDUES 
A mixture of PC-88a and HDEHP in an n-dodecane diluent was used to 
separate thorium, uranium and iron from 3.0 M hydrochloric acid. The 
process was found to be tolerant of moderate concentrations of the chloride 
and sulfate ions. In general, it was found that thorium was extracted more 
strongly than uranium under a range of conditions, while iron distributed 
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evenly across the organic and aqueous phases. The extracted complexes of 
thorium, uranium and iron were determined to be 
Th(H(EHEHP)2)2(H(DEHP)2)2(HEHEHP) for thorium(IV), 
(UO2)(H(EHEHP)2)(H(DEHP)2) for uranium(VI), and 
Fe(H(EHEHP)2)2(H(DEHP)2) for iron(III). 
It was found that three contact stages would be sufficient for 99% thorium 
recovery, and a process flowsheet for metals separation was suggested. 
7.3 THREE-COMPONENT U-PU-TH FUELS IN THE EC6 
PRESSURISED HEAVY WATER REACTOR 
A number of two- and three-component mixed oxide fuels were proposed 
based on a range of plutonium and uranium isotopic compositions. These 
compositions were based on materials either already in the UK nuclear 
materials inventories, or projected to be produced in new build UK LWRs. 
Based on the assumption of a homogeneous, one-group reactor, neutron 
reproduction factors were calculated for 20 of these fuels. Two U-Pu-Th 
fuels were selected from these and the beginning of life effective 
multiplication factors were estimated. It was indicated that such fuels could 
be produced in sufficient quantities based on inventory materials, and that a 
reasonable LWR-PHWR support ratio could be produced for irradiation of 
LWR reprocessed uranium and plutonium in PHWRs. 
These fuels were analysed in a computational simulation using the SERPENT 
Monte Carlo neutronics package, and the results were compared to natural 
uranium and proposed “UK CANMOX” fuels. The neutronic analysis showed 
that three-component fuels could outperform UK CANMOX fuels in a 
number of areas, including plutonium transmutation and power peaking 
factors. It was found that a fleet of four EC6 reactors could irradiate all 140 t 
of UK inventory plutonium to 22.5 MWd/kgHM in 45-50 years, also 
irradiating 4520 t of separated AGR reprocessed uranium. Such three-
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component fuels may also be used to increase the energy value from EPR 
fuel, allowing an additional 12 MWd/kgHM of irradiation to be carried out 
on reprocessed LWR uranium and plutonium, saving 30,000 t of natural 
uranium that would be needed in EPRs to achieve the same capacity 
increase. A fleet of ten EC6 reactors could irradiate the U and Pu from the 
used fuel of the four planned UK EPRs over the planned lifetime of both 
plants.  
7.4 RECOVERY OF THORIUM AND URANIUM FROM SPENT 
THORIUM NUCLEAR FUEL 
The well-established alkyl phosphonic acid extractant PC-88a was 
investigated alongside a set of secondary extractants to determine the 
extraction behaviour of thorium, uranium, iron and zirconium from 
hydrochloric, nitric and sulfuric acid media. Three systems were identified 
as of interest for further development, showing either strong thorium 
distribution ratios, or the separation of thorium from the other elements 
when the acidity of the system was altered. There were: 
 Extraction of all four metals from 0.5 M HCl by mixtures of 0.1 M PC-
88a and 0.05 M Aliquat-336, stripping thorium with 3.0 M HCl. The 
results suggest that iron could possibly be retained in the raffinate by 
using a lower extraction acidity, while uranium could be stripped by 
a higher acidity. 
 Extraction of uranium and zirconium only from 0.5 M H2SO4 by 
mixtures of 0.1 M PC-88a and 0.05 M Aliquat-336, stripping uranium 
only using 3.0 M H2SO4. Thorium remains in the raffinate. Iron may 
be extracted by a slight reduction in the extraction acidity, and 
selectively rejected at an intermediate acidity between 0.5 and 3.0 M. 
 Extraction of all four metals from 0.5 M H2SO4 by mixtures of 0.1 M 
PC-88a and 0.05 M HDEHP, stripping thorium from 3.0 M H2SO4. Iron 
THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS 
 
278 
 
is also stripped by this acid, but selective stripping of one metal or 
the other may be accomplished by varying the acidity between the 
two experimental values. Linear interpolation of the distribution 
ratios between 0.5 M and 3.0 M shows that an acid concentration of 
1.16 M allows thorium to be selectively stripped from the loaded 
organic phase. 
It is suggested that further investigation be carried out into these systems, 
following the methodology of Chapter 3. Further systems of interest may be 
identified from the results based on the use of different aqueous media in 
extraction and stripping.  
7.5 MONAZITE REQUIREMENTS FOR UK PLUTONIUM 
IRRADIATION AND SPENT FUEL PRODUCTION 
A number of studies have considered the material flows, processes and 
economics of full thorium fuel cycles [35, 43, 107, 133, 336, 357, 364, 467, 
492-494]. In this section a simple analysis is carried out into the 
combination of the developed fuel concepts and thorium separations 
process into a single fuel cycle concept. 
The EC6 reactor core produces approximately 720 MWe (net). Using natural 
uranium fuel this requires an annual loading of 100 tHM, using Equation 
(4.23). However, with the proposed three-component fuel from Chapter 5, 
the annual loading becomes 31.8 tHM, of which 7.7 t is thorium, 23.4 t is 
uranium and 0.72 t is plutonium. If 99% of the thorium is recovered from 
monazite with an average of 10% thorium by mass, this will require the 
processing of 77 t of monazite per reactor per year. The irradiation of the 
UK plutonium inventory of 140 t will require 193.5 reactor.years in fuel 
concept 19 with 3% plutonium, giving a total requirement of 1490 t thorium 
and 4530 t ThORP product uranium. This indicates a requirement for 15,000 
t of 10%Th monazite to be processed for its thorium content, or 5000 t of 
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monazite residues with 30% thorium by mass. The annual spent fuel 
production per reactor will be 31.8 tHM, of which 7.7 tHM of thorium spent 
fuel which might be reprocessed to recover  
7.6 FUTURE WORK 
It is recommended that PC-88a/HDEHP mixtures should be further 
investigated and developed in order to fully determine whether the system 
is appropriate for the separation of thorium, uranium and iron, with full 
loading and stripping isotherms produced from experimental data. If the 
system appears sufficiently promising process scale-up studies might be 
carried out. Studies into the behaviour of additional metals should also be 
carried out, including titanium and rare earth elements. 
For the three-component fuel concepts, the next major step of work is to 
perform a coupled neutronics and thermal-hydraulics study at the level of 
the full core over the full range of fuel loading possibilities at equilibrium, 
over operating transients, and in fault conditions. A range of supporting fuel 
cycle studies are also required, into used fuel management and fuel 
purification and fabrication. 
It is recommended that the three extraction systems identified in Chapter 6 
be further investigated in order to examine these systems in detail, 
following the methods of Chapter 3, including determination of the 
extraction mechanism and complexes, and loading and stripping isotherms. 
The systems should also be tested for other metals present in spent thorium 
nuclear fuel, and the effects of a radiation field on the system.  
7.7 CONCLUSION 
In conclusion, the aims of the work laid out in this thesis have been 
achieved. The extracted complexes and number of contact stages required 
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for 99% thorium recovery from 3.0 M hydrochloric acid have been 
determined, using PC-88a and HDEHP in n-dodecane as the organic phase. It 
has also been shown that U-Pu-Th nuclear fuels can operate in heavy water 
reactors, giving advantages over the proposed UK CANMOX fuel for 
plutonium conversion. Much work remains to be done in these areas, but the 
initial feasibility of both has been demonstrated, and they have been shown 
to be worthy of further investigation.  
Thorium can bring advantages to nuclear energy production and thus global 
energy security. In the correct applications this alternative nuclear energy 
resource may offer unique possibilities in improved energy sustainability.  
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APPENDIX A. MONAZITE SAMPLE 
ELECTRON MICROSCOPY STUDIES 
A.1 ANALYSIS OF SOME MONAZITE SAMPLES 
Several monazite samples were loaned for study by the Manchester 
Museum. These samples were studied using Scanning Electron Microscopy 
(SEM) and Energy Dispersive X-ray Spectroscopy (EDS). 
A.1.1 SCANNING ELECTRON MICROSCOPY 
SEM is a common technique in materials analysis, used to produce high 
quality images of small scale objects and features.  The technique is 
analogous to standard light microscopy, with the key difference that 
electrons are used for imaging, rather than photons of visible light, allowing 
much smaller features to be resolved. An electron source produces electrons 
which are directed and focussed by electromagnets onto the surface of the 
sample of interest, producing a variety of detectable emissions which may 
be analysed to gain information about the sample.  
Secondary electrons produce images in which contrast indicates sample 
morphology, while backscattered electrons produce images in which 
contrast shows average atomic mass. EDS is used to perform semi-
quantitative chemical analyses with spatial resolution over the sample. This 
technique was used to estimate the elemental composition of different 
phases in the monazite samples, and thus make inferences about the 
fractions of individual minerals in each sample.  
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Detailed information on SEM and EDS is available in a variety of sources 
[495, 496]. 
A.1.2 SAMPLE PREPARATION AND ANALYTICAL PROCEDURE 
For bulk minerals, samples were cut using a Buehler Isomet low-speed saw 
and cold mounted in Buehler EpoxiCure resin. The sample was then 
polished on a Buehler Metaserv polishing wheel using 0.25 µm diamond 
suspension. Acheson Silver DAG 1415 conductive paint was applied over the 
sides and base of the resin, and the polished face was sputter-coated with 
carbon using an Edwards Speedivac carbon coating unit. Sand samples could 
not be successfully mounted in resin, as polishing caused the sand grains to 
be pulled out of the resin surface. Instead sand grains were pressed onto an 
adhesive carbon pad on an aluminium sample holder disc, and this was then 
sputter-coated with carbon. 
Analysis was performed using a JEOL JSM-6400 scanning electron 
microscope with beam accelerating voltage set to 20 keV, as required for 
EDS analysis when using this instrument. The EDS system used was an 
Oxford INCA X-sight.  
A.1.3 RESULTS AND DISCUSSION 
A.1.3.1 BULK MONAZITE SAMPLE 
Figure A.1 shows secondary and backscatter electron images of a Norwegian 
bulk monazite sample. A number of components of different average atomic 
mass were observed in the backscatter image, and EDS spectra were 
gathered for each phase, according to the marked positions in Figure A.1.  
The EDS spectra for each investigated position in the image are presented 
through Figure A.2 to Figure A.6. 
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FIGURE A.1 –  SECONDARY ELECTRON (LEFT) AND BACKSCATTER ELECTRON (RIGHT) IMAGES 
OF NORWEGIAN BULK MONAZITE, TAKEN AT 90X MAGNIFICATION (TOP) AND 350X 
MAGNIFICATION (BOTTOM). 
 
FIGURE A.2 –  EDS SPECTRUM FOR POSITION A IN BULK MONAZITE SAMPLE. PHASE SUGGESTED 
TO BE THORITE, HUTTONITE , OR URANOTHORITE (Th,U)SiO4. 
 
A 
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FIGURE A.3 –  EDS SPECTRUM FOR POSITION B IN BULK MONAZITE SAMPLE. PHASE SUGGESTED 
TO BE ALLANITE (Ce,Ca,Y,La)2(Al,Fe3+)3(SiO4)3(OH), OR SIMILAR. 
 
 
FIGURE A.4 –  EDS SPECTRUM FOR POSITION C IN BULK MONAZITE SAMPLE. PHASE SUGGESTED 
TO BE MICROCLINE OR OTHER POTASSIUM FELDSPAR KAlSi3O8. 
 
B 
C 
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FIGURE A.5 –  EDS SPECTRUM FOR POSITION D IN BULK MONAZITE SAMPLE. PHASE SUGGESTED 
TO BE MONAZITE (Ce,La,Ca,Th)PO4. 
 
 
FIGURE A.6 –  EDS SPECTRUM FOR POSITION E IN BULK MONAZITE SAMPLE. PHASE SUGGESTED 
TO BE XENOTIME YPO4. 
The EDS results for position A were indicative of huttonite or uranothorite. 
Position B was indicative of a calcium/rare earth, aluminium silicate 
mineral, such as allanite (Ca,Ce,La,Y)2(Al,Fe)3(SiO4)3(OH). Allanite can 
include uranium and thorium and is found in similar geological deposits to  
monazite [158, 162]. Position C was indicative of a potassium feldspar 
mineral such as microcline KAlSi3O8, which is another common 
accompanying mineral to monazite [162, 163]. Position D was the monazite 
E 
D 
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phase, including rare earths, phosphorous and small amounts of U and Th. 
Finally position E exhibits a large yttrium peak with phosphorous, 
suggesting xenotime YPO4 [157].  
A.1.3.2 MONAZITE SAND SAMPLE 
A Brazilian monazite sand was also studied, and secondary and backscatter 
electron images are presented in Figure A.7. There are horizontal bands of 
contrast changes in these images. These are artefacts of the analysis due to 
sample charging, and do not represent real features of the samples being 
analysed [497].  
Three principal phases were identified, marked as A-C in Figure A.7. The 
spectra for these positions are presented through Figure A.8 to Figure A.10. 
 
FIGURE A.7 –  SECONDARY ELECTRON IMAGE OF BRAZILIAN MONAZITE SAND SAMPLE , TAKEN AT 
100X MAGNIFICATION . 
 
C 
A 
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FIGURE A.8 –  EDS SPECTRUM FOR POSITION A IN MONAZITE SAND SAMPLE . PHASE SUGGESTED 
TO BE XENOTIME YPO4. 
 
 
FIGURE A.9 –  EDS SPECTRUM FOR POSITION A IN MONAZITE SAND SAMPLEFIGURE A.7. PHASE 
SUGGESTED TO BE THORITE, HUTTONITE, OR URANOTHORITE (Th,U)SiO4. 
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FIGURE A.10 –  EDS SPECTRUM FOR POSITION A IN MONAZITE SAND SAMPLE. PHASE 
SUGGESTED TO BE MONAZITE (Ce,La,Ca,Th)PO4. 
Position A was found to be xenotime. The spectrum at position B contained a 
number of elements associated with garnet group minerals, which are 
formed in metamorphic rocks and can accompany monazite [150, 498]. 
Position C is the monazite phase. 
The analysed monazite samples were found to contain a number of other 
minerals. The additional minerals identified are all known to accompany 
monazites. Xenotime was present in both samples. The bulk sample 
contained components of common pegmatite deposits, while the sand 
sample contained garnet group minerals which are commonly found in 
metamorphic deposits where monazite may occur. However, for the sand 
sample the presence of other minerals not normally associated with thorium 
could be expected, given that the sand was produced by weathering and 
concentration of heavy minerals across a potentially large geographical 
region. 
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APPENDIX B. MATHEMATICAL 
DERIVATIONS OF SOLVENT 
EXTRACTION EQUATIONS 
B.1 EQUILIBRIUM EXTRACTION CONSTANTS FOR CATION 
EXCHANGE LIQUID-LIQUID DISTRIBUTION 
In this sub-section, starting from the simplest reaction for cation exchange, 
the reaction for extraction with two dimeric extractants by a combination of 
cation exchange and neutral adduct formation is described. Associated 
equilibrium extraction coefficients are derived throughout.  
B.1.1 BASIC CATION EXCHANGE REACTION AND EQUILIBRIUM EXTRACTION 
CONSTANT FOR AN ACIDIC EXTRACTANT 
The simplest solvent extraction reaction, liquid cation exchange, has the 
general biphasic exchange reaction for metals of charge 𝑛 [250] 
M𝑛+ + 𝑛(HL̅̅ ̅̅ ) ⇌ ML𝑛̅̅ ̅̅ ̅̅ + 𝑛H
+ 
The equilibrium extraction constant of the reaction is 
 
𝐾𝑒𝑥 =
[ML𝑛̅̅ ̅̅ ̅̅ ][H
+]𝑛
[M𝑛+][HL̅̅ ̅̅ ]𝑛
 (B.1) 
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B.1.2 CATION EXCHANGE REACTION AND EQUILIBRIUM EXTRACTION 
CONSTANT FOR A DIMERIC ACIDIC EXTRACTANT 
Some extractants form dimers (HL)2. These usually exchange for a single 
proton, binding as (HL2). For extractants which form dimers such as HDEHP 
and HEHEHP (PC-88a), the reaction is simply modified to [247] 
M𝑛+ + 𝑛(HL)2̅̅ ̅̅ ̅̅ ̅̅ ⇌ M(HL2)𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝑛H
+ 
This has the equilibrium extraction constant 
 
𝐾𝑒𝑥 =
[M(HL2)𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ][H
+]𝑛
[M𝑛+][(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑛  (B.2) 
 
We can use the definition of the distribution ratio 𝐷𝑀 to simplify this 
equation, where 
 
𝐷𝑀 =
[M(HL2)𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]
[M𝑛+]
 (B.3) 
 
This gives 
 
𝐾𝑒𝑥 = 𝐷𝑀
[𝐻+]𝑛
[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑛 (B.4) 
 
B.1.3 MIXED CATION EXCHANGE AND SOLVATION WITH ONE DIMERIC 
EXTRACTANT 
In addition to those binding through cation exchange, more ligands may 
bind to the metal through adduct formation, in which case the interfacial 
exchange reaction becomes 
M𝑛+ + 𝑞(HL)2̅̅ ̅̅ ̅̅ ̅̅ ⇌ M(HL2)𝑛(HL)2𝑞−2𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + nH
+ 
This gives the extraction constant 
 
𝐾𝑒𝑥 =
[M(HL2)𝑛(HL)2𝑞−2𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅][H
+]𝑛
[M𝑛+][(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑞 = 𝐷𝑀
[𝐻+]𝑛
[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]
𝑞 (B.5) 
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B.1.4 MIXED CATION EXCHANGE AND ADDUCT FORMATION WITH TWO 
EXTRACTANTS 
When considering synergic extraction systems using multiple cation 
exchange extractants, and including the possibility of neutral adduct 
formation with the extractant, the general reaction is given by 
Mc+ + 𝑞(HL)2̅̅ ̅̅ ̅̅ ̅̅ + r(HL′)2̅̅ ̅̅ ̅̅ ̅̅
⇌ M(HL2)𝑚(HL2
′ )𝑛−𝑚(HL)2𝑞−2𝑚(HL′)2𝑟−2(𝑛−𝑚)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝑛H
+ 
Where Mc+ is a metal cation in the aqueous phase, of charge c, 
 (HL)2̅̅ ̅̅ ̅̅ ̅̅  is an acidic extractant dimer in the organic phase, whose 
ligand is denoted L, 
 (HL′)2̅̅ ̅̅ ̅̅ ̅̅  is an acidic extractant dimer in the organic phase, whose 
ligand is denoted L′, and 
 𝑞, 𝑟, 𝑚 and 𝑛  are constants specific to the reaction. 
The associated reaction equilibrium constant is given by 
 
𝐾𝑒𝑥 =
[M(HL2)𝑚(HL′2)𝑛−𝑚(HL)2𝑞−2𝑚(HL′)2𝑟−2(𝑛−𝑚)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ][H
+]𝑛
[M𝑐+][(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]𝑞[(HL′)2̅̅ ̅̅ ̅̅ ̅̅ ]𝑟
 (B.6) 
 
Using the definition of distribution ratio 𝐷𝑀 as  
 
𝐷𝑀 =
[M(HL2)𝑚(HL′2)𝑛−𝑚(HL)2𝑞−2𝑚(HL′)2𝑟−2(𝑛−𝑚)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]
[M𝑐+]
 (B.7) 
 
This allows the general reaction to be simplified as  
 
𝐾𝑒𝑥 = 𝐷𝑇ℎ
[H+]𝑛
[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]𝑞[(HL′)2̅̅ ̅̅ ̅̅ ̅̅ ]𝑟
 (B.8) 
 
B.1.5 SLOPE ANALYSIS TO FIND PARAMETERS N, Q AND R 
Taking the logarithm of Equation (B.8) gives 
 log 𝐷𝑀 − 𝑛. pH
= 𝑞 log[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ] + 𝑟 log[(HL′)2̅̅ ̅̅ ̅̅ ̅̅ ] + log𝐾𝑒𝑥 
(B.9) 
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𝑛, 𝑞 and 𝑟 may be determined experimentally by slope analysis using 
Equation (B.9). 
The determination of n may be made from the variable pH experiment. If the 
organic phase is fixed then 𝑞 log[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ] and 𝑟 log[(HL′)2̅̅ ̅̅ ̅̅ ̅̅ ] are constants, as 
long as there is a large excess of extractant to minimise the changes in 
effective concentration of free extractant in the organic phase. The equation 
above then simplifies to 
 log𝐷𝑀 = 𝑛. pH + 𝐶 (B.10) 
 
Where C is a constant. Plotting log𝐷𝑀 against pH should give a straight line 
of slope n, which will represent the number of hydrated protons released 
per thorium complex produced. 
𝑞 and 𝑟 may be determined by a similar method, from the variable [PC-88a] 
and [HDEHP] experiments, where 𝑞 and 𝑟 represent the number of PC-88a 
and HDEHP ligands in each thorium complex. The pH should be held 
constant and the concentration of one extractant varied while the other is 
held constant. Similar mathematical treatment yields 
 log𝐷𝑀 = 𝑞 log[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ] + 𝐶 (B.11) 
 
 log𝐷𝑀 = 𝑟 log[(HL′)2̅̅ ̅̅ ̅̅ ̅̅ ] + 𝐶 (B.12) 
 
Plotting log𝐷𝑀 against log[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ] or log[(HL′)2̅̅ ̅̅ ̅̅ ̅̅ ] should give a straight line 
of slope n or q respectively. 
The substation of these values into Equation (B.8) will give the equilibrium 
extraction constant for the interfacial extraction reaction.  
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B.2 MCCABE-THIELE EXTRACTION ISOTHERM 
B.1.6 CATION EXCHANGE WITH A SINGLE EXTRACTANT 
The McCabe-Thiele isotherm is derived for a cation exchange reaction as 
follows.  
M𝑛+ + (HL)𝑛̅̅ ̅̅ ̅̅ ̅̅ ⇌ ML𝑛̅̅ ̅̅ ̅̅ + 𝑛H
+  
This gives the extraction coefficient 
𝑘𝑒𝑥 =
[𝑀𝐿𝑛̅̅ ̅̅ ̅̅ ][𝐻
+]
[𝑀𝑛+][(𝐻𝐿)𝑛̅̅ ̅̅ ̅̅ ̅̅ ]
 
Some conventions are defined: 
 𝑦 = [ML𝑛̅̅ ̅̅ ̅̅ ] (B.13) 
  
 𝑥 = [M𝑛+] (B.14) 
 
 
𝑘𝑒𝑥 =
𝑦
𝑥
[𝐻+]
[(𝐻𝐿)𝑛̅̅ ̅̅ ̅̅ ̅̅ ]
 (B.15) 
 
There is also a need to define the total extractant concentration, which is 
denoted 𝑆, being the sum of the free extractant and the complexed ligand. 
 𝑆 = 𝑦 + [(𝐻𝐿)𝑛̅̅ ̅̅ ̅̅ ̅̅ ] (B.16) 
 
 [(𝐻𝐿)𝑛̅̅ ̅̅ ̅̅ ̅̅ ] = 𝑆 − 𝑦 (B.17) 
 
By substituting this back into the equation for the extraction constant 
 
𝐾𝑒𝑥 =
𝑦
𝑥
[𝐻+]𝑛
𝑆 − 𝑦
 (B.18) 
 
 
𝐾𝑒𝑥𝑥 =
𝑦[𝐻+]𝑛
𝑆 − 𝑦
 (B.19) 
 
 𝑦[𝐻+]𝑛 = 𝐾𝑒𝑥𝑥𝑆 − 𝐾𝑒𝑥𝑥𝑦 (B.20) 
 
 𝑦([𝐻+]𝑛 + 𝐾𝑒𝑥𝑥) = 𝑘𝑒𝑥
′ 𝑥𝑆 (B.21) 
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𝑦 =
𝐾𝑒𝑥𝑥𝑆
[𝐻+]𝑛 + 𝐾𝑒𝑥𝑥
 (B.22) 
 
 
𝑦 =
𝐾𝑒𝑥𝑥𝑆/[𝐻
+]𝑛
1 + 𝐾𝑒𝑥𝑥/[𝐻+]𝑛
 (B.23) 
 
The modified extraction coefficient 𝐾𝑒𝑥
′  
 
𝐾𝑒𝑥
′ =
𝐾𝑒𝑥
[𝐻+]𝑛
 (B.24) 
 
Recalling that  
 
𝐷𝑀 =
[ML𝑛̅̅ ̅̅ ̅̅ ]
[M𝑛+]
=
𝑦
𝑥
 (B.25) 
 
Substituting Equations (B.24) and (B.25) into Equation (B.23) gives 
 
𝐷𝑀 =
𝑆𝐾𝑒𝑥
′
1 + 𝑥𝐾𝑒𝑥′
 (B.26) 
 
 𝐷𝑀(1 + 𝑥𝐾𝑒𝑥
′ ) = 𝑆𝐾𝑒𝑥
′  (B.27) 
 
 𝐷𝑀 + 𝐷𝑀𝑥𝐾𝑒𝑥
′ = 𝑆𝐾𝑒𝑥
′  (B.28) 
 
 𝐷𝑀 = 𝑆𝐾𝑒𝑥
′ − 𝐷𝑀𝑥𝐾𝑒𝑥
′  (B.29) 
 
 𝐷𝑀 = 𝐾𝑒𝑥
′ (𝑆 − 𝑥𝐷𝑀) (B.30) 
 
 
𝐾𝑒𝑥
′ =
𝐷𝑀
𝑆 − 𝑥𝐷𝑀
 (B.31) 
 
Thus, the extraction coefficient is a function of the metal distribution and the 
extractant concentration.  
Equation (B.31) may be reduced using Equation (B.25) in order to give a 
function of 𝑦 in terms of 𝑥 
 
𝑦 =
𝐾𝑒𝑥
′ 𝑥𝑆
1 + 𝐾𝑒𝑥′ 𝑥
 (B.32) 
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This equation may be used to predict a McCabe-Thiele extraction isotherm 
for solvent extraction systems, based on the extraction constant 𝐾𝑒𝑥 and the 
total amount of extractant in the system 𝑆. 
B.1.7 MIXED SOLVATION AND CATION EXCHANGE BY MULTIPLE 
EXTRACTANTS 
Considering now the reaction for extraction by two extractants with a mixed 
solvation and cation exchange mechanism, taken from Section 3.2.6 
Mc+ + 𝑞(HL)2̅̅ ̅̅ ̅̅ ̅̅ + r(HL′)2̅̅ ̅̅ ̅̅ ̅̅
⇌ M(HL2)𝑚(HL2
′ )𝑛−𝑚(HL)2(𝑞−𝑚)(HL′)2(𝑟−(𝑛−𝑚))̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝑛H
+ 
With the extraction constant defined as 
 
𝐾𝑒𝑥 =
[M(HL2)𝑚(HL′2)𝑛−𝑚(HL)2(𝑞−𝑚)(HL′)2(𝑟−(𝑛−𝑚))̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅][H
+]𝑛
[M𝑐+][(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]𝑞[(HL′)2̅̅ ̅̅ ̅̅ ̅̅ ]𝑟
 (B.33) 
 
We redefine 𝑥 as 
 𝑥 = [M𝑐+] (B.34) 
 
And 𝑦 as 
 𝑦 = [M(HL2)𝑚(HL′2)𝑛−𝑚(HL)2(𝑞−𝑚)(HL′)2(𝑟−(𝑛−𝑚))̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅] (B.35) 
 
The modified extraction constant is retained as 
 
𝐾𝑒𝑥
′ =
𝐾𝑒𝑥
[𝐻+]𝑛
 (B.36) 
 
The use of Equations (B.34) and (B.35) allows Equation (B.33) to be reduced 
to 
 
𝐾𝑒𝑥 =
𝑦
𝑥
[H+]𝑛
[(HL)2̅̅ ̅̅ ̅̅ ̅̅ ]𝑞[(HL′)2̅̅ ̅̅ ̅̅ ̅̅ ]𝑟
 (B.37) 
 
In order to determine the free quantity of each extractant in the system at 
equilibrium, required in the denominator of Equation (B.37), we can define 
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two parameters 𝛼 and 𝛽 which represent the total concentration of the 
extractant dimers L2 and L
′
2 respectively. Each total concentration is given 
by the sum of the free extraction and the complexed ligand. 
 
𝛼 = [(HL)2̅̅ ̅̅ ̅̅ ̅̅ ] + 𝑦
2𝑚 + 2(𝑞 − 𝑚)
2
 (B.38) 
 
 
𝛽 = [(HL′)2̅̅ ̅̅ ̅̅ ̅̅ ] + 𝑦
2(𝑛 − 𝑚) + 2(𝑟 − (𝑛 − 𝑚))
2
 (B.39) 
 
Simplifying the numerators of the fractions in Equations (B.38) and (B.39) 
and rearranging gives 
 [(HL)2̅̅ ̅̅ ̅̅ ̅̅ ] = 𝛼 − 𝑞𝑦 (B.40) 
 
 [(HL′)2̅̅ ̅̅ ̅̅ ̅̅ ] = 𝛽 − 𝑟𝑦 (B.41) 
 
These can be substituted into Equation (B.37) to give  
 
𝐾𝑒𝑥 =
𝑦
𝑥
[H+]𝑛
(𝛼 − 𝑞𝑦)𝑞(𝛽 − 𝑟𝑦)𝑟
 (B.42) 
 
Equation (B.36) may then be used to give  
 
𝐾𝑒𝑥
′ =
𝑦
𝑥
1
(𝛼 − 𝑞𝑦)𝑞(𝛽 − 𝑟𝑦)𝑟
 (B.43) 
 
Finally, this may be rearranged to give 𝑥 as a function of 𝑦, as shown 
 𝑥 =
𝑦
𝐾𝑒𝑥′ (𝛼 − 𝑞𝑦)𝑞(𝛽 − 𝑟𝑦)𝑟
 (B.44) 
 
By inserting values of 𝑦, the corresponding values of 𝑥 may be determined, 
allowing the prediction of an isotherm. It can be seen that this equation 
allows the calculation of an isotherm directly, based on knowledge of the 
total amount of each extractant, the extraction constant, the acidity of the 
system and the values of 𝑞 and 𝑟 determined from slope analysis. 
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APPENDIX C. SERPENT INPUT 
FILE FOR 3% PLUTONIUM IN FUEL 
CONCEPT 19 
C.1 SERPENT CODE INTERPRETATION  
The input code in Serpent is organised into “cards” and “set” options. Cards 
are used to define major aspects of the simulation, such as material 
compositions, geometry, fuel pin lattice layouts, and burnup histories. The 
keyword “set” is used to enable/disable options, make minor changes and 
define aspects of the simulation that do not require a full card. The % 
symbol is used to mark a comment line, with anything on the same line and 
following the % symbol being ignored by Serpent. 
The user manual and supporting documentation for Serpent is not complete. 
However the reader will be able to find information on using Serpent in the 
version 1 manual [479], the users discussion forums [499] and the users 
wiki page, which is intended to act as the user’s manual for Serpent version 
2 [500]. 
The file below includes a burnup history to 30 MWd/tHM, and produces a 
materials composition restart file, as would be required to perform voiding 
calculations. 
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C.2 INPUT FILE TEXT 
% --- START --------------------------------------------------------------------- 
 
% --- Enhanced CANDU 6 with 43-element bundle, Fuel Concept 19 (InvPu and TPU 
MOX) --- 
% --- 3% average plutonium in MOX  
% --- Includes burnup history to 400 MWd/kg 
 
set title "C19, 3%Pu, burnup towards 30 GWd/t" 
set seed 1234567890          % Fix random seed value to allow replication 
 
% --- Define fuel elements: 
 
pin 1            % Centre element, large diameter 
ThO2 0.6290  
sheath 0.6750 
cool 
 
pin 2            % Inner 7 elements, large diameter 
ThO2 0.6290  
sheath 0.6750 
cool 
 
pin 3            % Intermediate 14 elements, small diameter 
RichMOX 0.5325 
sheath  0.5750 
cool 
 
pin 4            % Outer 21 elements, small diameter 
LeanMOX 0.5325 
sheath  0.5750 
cool 
 
% ======= GEOMETRY DEFINITIONS ================================================ 
 
% --- Define pin lattice in bundle (type = 4 (rings), 4 rings, 3rd ring rotated 
to 12.857 deg.): 
 
lat  10  4  0.0    0.0  4         % Lattice, universe 10, type 4, centrally 
positioned, 4 rings 
 1  0.0000  0.000  1                                 % Centre pin 
 7  1.7340  0.000  2 2 2 2 2 2 2                     % Inner ring, 7 pins 
14  3.0750 12.857  3 3 3 3 3 3 3 3 3 3 3 3 3 3       % Intermediate ring, 14 pins 
21  4.3840  0.000  4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  % Outer ring, 21 
pins 
 
% --- Define surfaces (core lattice pitch = 28.6 cm): 
 
surf 1  cyl 0.0 0.0  5.16890  % Pressure tube inner wall 
surf 2  cyl 0.0 0.0  5.60320  % Pressure tube outer wall 
surf 3  cyl 0.0 0.0  6.44780  % Calandria tube inner wall 
surf 4  cyl 0.0 0.0  6.58750  % Calandria tube outer wall 
surf 5  sqc 0.0 0.0 14.30000  % Domain extent boundary halfway between bundles 
 
% --- Cell definitions: 
 
cell 1  0  fill 10  -1        % Pin lattice inside pressure tube 
cell 2  0  prstube   1  -2    % Pressure tube 
cell 3  0  anulgas   2  -3    % Inter-tube gas annulus 
cell 4  0  caltube   3  -4    % Calandria tube 
cell 5  0  calan     4  -5    % Moderator in calandria 
cell 6  0  outside   5        % Domain extent boundary 
 
% ======= MATERIAL DEFINITIONS ================================================ 
 
% --- Define ThO2 as blanket: 
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mat ThO2 -10.42 rgb 153 76 0 burn 1 % 95 percent of interpolated 
densities 
90232.09c 1.0000 % Thorium-232 atom fraction in fuel   
8016.09c 2 % Oxygen-16 atom fraction in fuel    
 
% --- Define intermediate ring as rich mox: 
 
mat RichMOX -10.44 rgb 153 51 255 burn 1 % 95 percent of interpolated 
densities 
94238.09c 0.0001 % Plutonium-238 atom fraction in fuel   
94239.09c 0.0307 % Plutonium-239 atom fraction in fuel   
94240.09c 0.0101 % Plutonium-240 atom fraction in fuel   
94241.09c 0.0007 % Plutonium-241 atom fraction in fuel   
94242.09c 0.0005 % Plutonium-242 atom fraction in fuel   
95241.09c 0.0006 % Americium-241 atom fraction in fuel   
92234.09c 0.0002 % Uranium-234 atom fraction in fuel   
92235.09c 0.0086 % Uranium-235 atom fraction in fuel   
92236.09c 0.0024 % Uranium-236 atom fraction in fuel   
92238.09c 0.9463 % Uranium-238 atom fraction in fuel   
8016.09c 1.999998085 % Oxygen-16 atom fraction in fuel   
 
% --- Define outer ring as lean mox:     
     
mat LeanMOX -10.43 rgb 255 255 0 burn 1 % 95 percent of interpolated 
densities 
94238.09c 0.0000 % Plutonium-238 atom fraction in fuel   
94239.09c 0.0154 % Plutonium-239 atom fraction in fuel   
94240.09c 0.0050 % Plutonium-240 atom fraction in fuel   
94241.09c 0.0003 % Plutonium-241 atom fraction in fuel   
94242.09c 0.0002 % Plutonium-242 atom fraction in fuel   
95241.09c 0.0003 % Americium-241 atom fraction in fuel   
92234.09c 0.0002 % Uranium-234 atom fraction in fuel   
92235.09c 0.0087 % Uranium-235 atom fraction in fuel   
92236.09c 0.0024 % Uranium-236 atom fraction in fuel   
92238.09c 0.9673 % Uranium-238 atom fraction in fuel   
8016.09c 1.999998043 % Oxygen-16 atom fraction in fuel   
 
% --- Define sheath as zircaloy-4 (mass densities): 
 
mat sheath   -7.48          rgb 255 0 0  % Sheath (cladding) density 7.48 g/cm3 
50000.06c    -1.45000E+0      % Natural tin mass fraction in sheath 
26000.06c    -1.50000E-1      % Natural iron mass fraction in sheath 
28000.06c    -7.00000E-3      % Natural nickel mass fraction in sheath 
24000.06c    -1.00000E-1      % Natural chromium mass fraction in sheath 
40000.06c    -9.82930E+1      % Natural zirconium mass fraction in sheath 
 
% --- Define pressure tube as Zr-2.5%Nb: 
 
mat prstube  -6.57         rgb 192 192 192   % Pressure tube density 6.57 g/cm3 
40000.06c    -9.75000E+1      % Natural zirconium mass fraction in pressure tube 
41093.06c    -2.25000E+0      % Natural niobium mass fraction in pressure tube 
 
% --- Define annulus as carbon dioxide 
 
mat anulgas  -0.001253 rgb 229 204 255  % CO2 density at 1 bar, 150oC = 1.253 
kg/m3 
 6000.06c     1.00000E+0      % 1 carbon atom in CO2 
 8016.06c     2.00000E+0      % 2 oxygen atoms in CO2 
 
% --- Define calandria tube as zircaloy-2: 
 
mat caltube  -6.44        rgb 96 96 96    % Calandria tube density 6.44 g/cm3 
50000.06c    -1.45000E+0      % Natural tin mass fraction in sheath 
26000.06c    -1.35000E-1      % Natural iron mass fraction in sheath 
28000.06c    -5.50000E-2      % Natural nickel mass fraction in sheath 
24000.06c    -1.00000E-1      % Natural chromium mass fraction in sheath 
40000.06c    -9.82600E+1      % Natural zirconium mass fraction in sheath 
 
% --- Define coolant water with reference to thermal scattering data libraries: 
 
mat cool     -0.8121200    moder lwtr 1001 moder hwtr 1002     rgb 0 255 255 
 8016.06c    -7.99449E-1      % Oxygen-16 mass fraction in coolant 
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 1002.06c    -1.99768E-1      % Deuterium mass fraction in coolant 
 1001.06c    -7.83774E-4      % Protium mass fraction in coolant 
 
% --- Define moderator water with reference to thermal scattering data libraries: 
 
mat calan    -1.082885    moder lwtr 1001 moder hwtr 1002     rgb 0 0 255 
 8016.06c    -7.98895E-1      % Oxygen-16 mass fraction in coolant 
 1002.06c    -2.01016E-1      % Deuterium mass fraction in coolant 
 1001.06c    -8.96000E-5      % Protium mass fraction in coolant 
 
% ======= LIBRARY DEFINITIONS ================================================= 
 
% --- Thermal scattering data for light and heavy water: 
 
therm lwtr lwj3.11t 
therm hwtr hwj3.11t 
 
% --- Cross section data library file path 
 
set acelib "/opt/gridware/apps/intel-12.0/serpent/2.1.28-
fix/xsdata/jeff311/sss_jeff311u.xsdata" 
 
% --- Set outer boundary condition to periodic (type = 3) 
 
set bc 3 
 
% --- Neutron population and criticality cycles: 
 
set pop 5000 2500 20     % 5000 neutrons, 2500 active cycles, 20 inactive cycles 
 
% === Burnup calculation definition ================================ 
 
% --- Decay and fission yield data library file paths 
 
set declib "/opt/gridware/apps/intel-12.0/serpent/2.1.28-
fix/xsdata/jeff311/sss_jeff311.dec" 
set nfylib "/opt/gridware/apps/intel-12.0/serpent/2.1.28-
fix/xsdata/jeff311/sss_jeff311.nfy" 
 
% --- Write binary restart file 
 
set rfw 1 RF-BUto30MWd   % Writes binary restart file with name "RF-BUto30MWd" 
 
% --- Irradiation cycle history definition 
 
set powdens 0.025809    % calculated as 2084 MWt over core HM mass with 3% Pu in 
MOX 
 
dep butot          % Burnup steps at which to calculate, cumulative, MWd/kgHM 
0.1 
0.5 
1 
2 
3 
4 
6 
8 
10 
12.5 
15 
20 
25 
30 
 
% --- ENDS ---------------------------------------------------------------------- 
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APPENDIX D. SCREENING STUDY 
DISTRIBUTION RATIO RESULTS 
TABLES 
TABLE D.1 –  DISTRIBUTION CONSTANTS FOR THORIUM EXTRACTION FROM ACID MEDIA BY PC-
88A AND POTENTIAL SYNERGISTS. 
DTh 0.5 M 
HCl 
3.0 M 
HCl 
0.5 M 
HNO3 
3.0 M 
HNO3 
0.5 M 
H2SO4 
3.0 M 
H2SO4 
PC-88a alone 1535 2.399 6902 6902 0.5383 0.00001 
TBP 905.7 2.056 6902 6902 0.03936 0.03155 
TOPO 123.6 9.333 6902 6902 0.00001 0.05559 
HDEHP 3846 68.23 6902 6902 41.11 0.00001 
MOA 2009 2.449 6902 6902 0.5035 0.00193 
TOA 94.62 0.6730 6902 6902 0.00001 0.00001 
Tert-OA 966.1 2.270 6902 6902 0.6152 0.00001 
Aliquat-336 590.2 0.4966 6902 6902 0.00001 0.00001 
Cyphos 101 153.1 0.9462 6902 6902 1.072 0.00001 
BMIM Cl- 935.4 2.208 6902 6902 0.6592 0.00001 
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TABLE D.2 –  DISTRIBUTION CONSTANTS FOR URANIUM EXTRACTION FROM ACID MEDIA BY PC-
88A AND POTENTIAL SYNERGISTS. 
DU 0.5 M 
HCl 
3.0 M 
HCl 
0.5 M 
HNO3 
3.0 M 
HNO3 
0.5 M 
H2SO4 
3.0 M 
H2SO4 
PC-88a alone 164.1 3.034 134.6 25.586 22.39 0.4775 
TBP 202.3 3.428 50.12 115.1 25.18 0.8414 
TOPO 2716 616.6 173.8 1227 204.6 8375 
HDEHP 818.5 16.07 153.5 83.946 121.9 4.375 
MOA 203.2 3.258 159.2 28.708 22.80 0.5984 
TOA 272.9 96.61 487.5 92.683 143.2 0.7551 
Tert-OA 182.8 3.304 381.9 26.915 23.66 0.4634 
Aliquat-336 166.3 35.32 299.2 65.766 21.28 0.2911 
Cyphos 101 238.8 437.5 459.2 83.176 57.41 1.021 
BMIM Cl- 160.0 3.090 136.8 24.210 22.08 0.5768 
 
TABLE D.3 –  DISTRIBUTION CONSTANTS FOR IRON EXTRACTION FROM ACID MEDIA BY PC-88A 
AND POTENTIAL SYNERGISTS. 
DFe 0.5 M 
HCl 
3.0 M 
HCl 
0.5 M 
HNO3 
3.0 M 
HNO3 
0.5 M 
H2SO4 
3.0 M 
H2SO4 
PC-88a alone 4.227 0.1355 1.581 0.8551 0.1343 0.0190 
TBP 2.099 0.03155 0.4477 0.5200 0.1125 0.00001 
TOPO 3.184 57.02 0.3289 0.5521 0.2104 0.00001 
HDEHP 22.80 0.2239 6.026 3.443 2.188 0.2333 
MOA 5.188 0.1079 0.1901 0.5754 0.3069 0.00001 
TOA 4.446 207.0 0.4169 0.4898 0.2818 0.00001 
Tert-OA 2.754 0.1262 0.8356 0.8433 0.3784 0.00001 
Aliquat-336 6.223 98.401 0.2506 0.4898 0.6839 0.00001 
Cyphos 101 4.753 233.9 0.3334 0.5058 1.567 0.0538 
BMIM Cl- 3.622 0.06982 2.070 0.6761 0.4426 0.00001 
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TABLE D.4 –  DISTRIBUTION CONSTANTS FOR ZIRCONIUM EXTRACTION FROM ACID MEDIA BY PC-
88A AND POTENTIAL SYNERGISTS. 
DZr 0.5 M 
HCl 
3.0 M 
HCl 
0.5 M 
HNO3 
3.0 M 
HNO3 
0.5 M 
H2SO4 
3.0 M 
H2SO4 
PC-88a alone 5012 411.1 5012 5012 345.9 62.37 
TBP 5012 400.9 5012 5012 285.1 9.638 
TOPO 5012 1837 5012 5012 122.7 22.28 
HDEHP 5012 5012 5012 5012 553.4 90.57 
MOA 5012 5012 5012 5012 567.5 276.7 
TOA 5012 227.5 5012 5012 650.1 28.84 
Tert-OA 5012 5012 5012 5012 799.8 98.86 
Aliquat-336 5012 343.6 5012 5012 914.1 37.24 
Cyphos 101 5012 1387 5012 5012 5012 31.33 
BMIM Cl- 5012 5012 5012 5012 1950 94.84 
 
 
